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MEMORANDUM  FOR  DIRECTOR  OF  DEFENSE  RESEARCH  AND  ENGINEERING  . 

SUBJECT:  Impact  of  NAVSTAR  Global  Positioning  System  (GPS) 

on  Military  Plans  for  Navigation  and  Position 
Fixing  Systems 


1.  This  report,  WSEG  No.  289,  is  the  response  to  a request 
by  the  Deputy  Director  (Strategic  and  Space  Systems) , Office 
of  the  Director  of  Defense  Research  and  Engineering  to  the 
Director,  Weapons  Systems  Evaluation  Group  (WSEG) . 

2.  The  focus  of  this  study  was  toward  three  prihcipal 

objectives:  (a)  an  examination  of  the  wide  variety  of 

existing  and  developmental  navigation  and  position  techniques 
the  identification  of  those  potentially  replaceable  by  GPS 
and  the  attendant  cost  advantages;  (b)  the  identification 
and  description  of  operational  demonstrations  that  illustrate 
the  applicability  and  utility  of  GPS  to  military  operations ; 
and  (c>  the  identification  of  system  test  opportunities 
wherein  GPS  early  availability  would  find  useful  application 
as  test  range  instrumentation. 

3.  Cost  uncertainties  were  such  that  the  range  between  the 

minimum  and  maximum  periods  for  recovery  of  the  cost  of  GPS 
is  quite  large.  There  are  however  significant  factors 
evident  in  the  study,  but  not  amenable  to  fiscal  quantifi- 
cation that  provide  impetus  for  employment  of  GPS.  They 
are:  simplification  of  navigation  logistics,  improvements 

in  effectiveness,  and  provision  of  capabilities  not  now 
available. 
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PREFACE 


This  study  lias  been  conducted  by  the  Systems  Evaluation  Division  of  IDA  in 
response  to  WSEG  Task  Order  T-238  (dated  23  January  1975),  which  was  assigned  to  IDA 
by  the  Director,  Weapons  Systems  Evaluation  Group.  The  study  group  was  assisted  in  the 
conduct  of  the  project  by  Col.  Loren  T.  Erickson  (USMC),  Capt..  Kyle  H.  Woodbury  (USN), 
and  Col.  William  C.  Stephens  (USA)  from  WSEG.  The  authors  are  pleased  to  acknowledge 
the  valuable  guidance  and  review  provided  by  the  IDA  Technical  Review  Committee. 

The  planning  and  programming  data  cited  in  this  study  reflect  the  status  as  of 
mid-July  1975.  At  that  time  the  major  study  effort  was  directed  toward  the  analysis  of  data 
and  preparation  of  the  report.  Because  of  the  considerable  current  activity  in  the  develop- 
ment and  procurement  of  navigaflon  systems,  there  may  have  been  changes  in  status  since 
July.  The  authors  do  not  know  of  any  such  changes  that  would  have  a material  impact  on 
the  general  results  of  this  study. 
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INTRODUCTION 


A.  M OBJECTIVES  , 

^ The  purpose  of  this  study  is  to  provide  analytical  support  for  a continuing  DDR&E 
review  of  all  operational  and  developmental  navigation  and  position  fixing  systems.  A 
primary  concern  of  this  review  is  the  identification  of  cost  saving  actions  relative  to 
navigation  systems  whose  utility  is  questionable  in  view  of  the  potential  capabilities  of  the 
NAVSTAR  Global  Positioning  System  (GPS). 

This  study  addresses  three  specific  objectives: 

Task  1 ~ To  compare  existing  and  proposed  military  navigation  systems,  including 
GPS,  and  to  estimate  the  potential  cost  avoidance  that  would  result  from  the  phasing  out  of 
current  systems  as  a result  of  GPS  becoming  operational. 

Task  2-  To  identify  and  describe  operational  demonstrations  using  contemporary 
weapon  systems  that  could  display  the  utility  of  GPS  for  military  application. 

Task  3 - To  identify  weapon  systems  currently  under  development  that  could  benefit 
from  the  early  availability  of  GPS  test  range  instrumentation.  K 


APPROACH  AND  SCOPE 


\ 


The  general  approach  adopted  for  the  analysis  of  the  above  three  tasks  was  as 
follows: 

Task  1 

• The  navigation  suites  of  all  current  and  future  platforms  were  reviewed  to 
determine  which  systems  could  be  removed,  if  GPS  were  installed,  without 
compromising  mission  capabilities. 

• RDT&E,  procurement,  and  operations  costs  for  GPS  and  for  the  equipments 
selected  for  replacement  were  estimated. 

• The  implications  of  phasing  out  certain  existing  and  programmed  navigation 
systems  on  future  operational  capabilities  w;re  assessed,  and  associated  cost 
savings  were  identified. 


UNCLASSIFIED 


~v 


..  r- 


. .C  A V*-s * _ 


UNCLASSIFIED 


Task  2 

• Discussions  were  held  with  senior  members  of  the  Services  in  order  to  (1) 
determine  which  military  mission  areas  were  in  need  of  improved  navigation, 
position  fixing  and  timing  capabilities,  and  (2)  examine  the  potential  applica- 
tion of  GPS  to  these  problem  areas. 

• The  mission  areas  that  appeared  most  suitable  for  demonstrating  the  utility  of 
GPS  were  identified,  and  appropriate  concepts  for  operational  demonstrations 
were  formulated. 

• The  concepts  for  operational  demonstrations  were  reviewed,  with  cognizant 
Service  agencies  having  doctrinal  responsibility  for  the  mission  areas,  and  were 
revised  to  incorporate  their  suggestions. 

Task  3 

• The  weapon  system  development  programs  that  have  a significant  amount  of 
testing  scheduled  after  November  1977  (GPS  availability  date)  and  that  have 
test  data  needs  including  position,  velocity,  and  time,  were  identified. 

• Discussions  were  held  with  appropriate  personnel  from  each  of  the  programs  to 
determine  if  the  project  could  benefit  from  the  use  of  the  planned  GPS 
capability  for  test  range  instrumentation. 

• Programs  having  testing  needs  that  will  potentially  require  the  acquisition  of 
additional  test  range  instrumentation  and  that  could  be  satisfied  by  GPS  test 
range  instrumentation  were  identified,  and  their  specific  testing  needs  were 
listed. 

C.  ORGANIZATION  OF  THE  REPORT 

A brief  summary  and  discussion  of  this  study  are  presented  in  Part  2.  The  supporting 
analyses  are  contained  in  Part  3,  in  which  Chapters  I and  II  relate  to  Task  1 , Chapter  III  to 
Task  2,  and  Chapter  IV  to  Task  3.  Supporting  data  for  the  NAVSTAR  GPS  program,  the 
computerized  model  used  to  determine  cost  avoidance,  the  cost  detail  for  the  current  and 
advanced  technology  GPS  user  equipment  analysis,  and  a Glossary  and  indexes  of  tables  and 
figures  are  contained  in  the  appendices.  This  study  is  also  supported  by  the  following  IDA 
reports: 

• IDA  Report  R-173,  Comparison  of  Satellite  and  Conventional  Military  Naviga- 
tion Systems  Programs,  May  1971,  SECRET. 

• IDA  Study  S-409,  Sensitivity  of  Mission  Performance  to  Position  Fixing  Accu- 
racy, January  1973,  SECRET.. 

• IDA  CAG-TM-2,  Life  Cycle  Cost  Estimates  for  Three  Position  Fixing  Systems, 
July  1973,  SECRET. 
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• WSEG  Report  216/IDA  Report  R-190,  Defense  Navigation  Satellite  System 
Study.  July  1973,  SECRET. 

• IDA  Report  R-204,  Study  of  a Functional  Area  Summary  for  Navigation, 
November  1974,  SECRET. 

• IDA  Note  N-834,  Force  Structure  Supplement  to  IDA  Report  R 217,  October 
1975,  SECRET. 
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SUMMARY 


The  results  of  the  study  in  each  of  the  three  areas  investigated  are  summarized  and 
briefly  discussed  in  this  section  and  are  examined  in  detail  in  Part  3. 

A.  TASK  1 : CANDIDATE  SYSTEMS  FOR  REPLACEMENT  BY  GPS 

The  current  navigation  and  position  fixing  systems  potentially  replaceable  by  NAV- 
STAR  GPS  are  (1)  the  enroute  radio  systems  (i.e.,  LORAN,  TACAN,  VOR/DME,  OMEGA, 
DF,  and  TRANSIT1  systems);  (2)  the  self-contained  airborne  Doppler  navigators  used  in 
single,  dual,  or  hybrid  inertial  installations;  (3)  precision  landing  aids,  consisting  ff  the 
Instrument  Landing  System  (ILS),  its  developmental  counterpart,  the  Microwave  Landing 
System  (MLS),  and  Precision  Approach  Radars  (PAR-s);  and  (4)  a small  number  of  airborne 
radars  used  exclusively  for  weapon  delivery  and  navigation  (bomb/nav  radars).  Inertial  sys- 
tems are  not  considered  replaceable  by  GPS  because  of  (1)  the  operational  need  for  having 
a truly  self-contained  system  in  the  event  external  radio  aids  are  jammed  or  destroyed,  and 
(2)  the  mutual  augmentation  provided  by  a GPS/inertial  hybrid  to  significantly  improve 
both  the  resistance  of  GPS  to  ECM  and  the  unaided  performance  of  the  inertial  system. 

The  development  plan  established  by  the  GPS  Joint  Program  Office  (JPO)  envisages 
the  deployment  of  space  vehicles  in  three  phases.  The  space  segment  for  Phase  I will  be 
available  in  1977  and  will  consist  of  6 satellites,  which  will  allow  1 to  3 hours  of  dally 
testing  over  CONUS  (and  adjacent  ocean  areas).  This  constellation  will  provide  three- 
dimensional,  high,  accuracy  position  and  velocity  data  during  each  test  period.  For  Phase  II, 
the  constellation  will  consist  of  9 satellites2  (in  1981),  which  will  provide  an  interim 
worldwide  two-dimensional  capability  with  navigation  accuracies  of  100  to  200  meters.  For 
the  purpose  of  this  study,  it  has  been  assumed  that  an  additional  3 satellites,  a total  of  1 2, 
will  be  necessary  to  retain  the  high  accuracy  testing  capability  of  Phase  I and  also  provide 
the  two-dimensional  global  capability.  The  plan  for  Phase  III  Is  to  establish  the  full 
operational  capability  of  GPS  in  1984.  The  space  segment  will  conrkt  of  a 24-satellite 
constellation  providing  worldwide  three-dimensional  coverage  and  estimated  accuracies  on 
the  order  of  10  meters.  A summary  of  the  JPO  development  plan  is  contained  in  Appendix 
A. 


1.  Although  TRANSIT  is  not  truly  an  enroun  navigation  system,  it  would  certainly  be  phased  out  with  the  advent  of 
GPS. 

2.  Recent  GPS  program  information  indicate;  > to  11  satellites  for  Phase  II. 
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The  GPS  JPO  plans  to  develop  several  types  of  user  equipment  capable  of  satisfying  a 
broad  spectrum  of  military  applications.  The  equipment  concepts  range  from  high  perform- 
ance units  (designated  (Hasses  A and  B)  for  aircraft  needing  the  highest  accuracy  and  jam 
resistance,  to  moderate  performance  units  (Class  C)  for  transport  aircraft,  ships,  and  helicop- 
ters, to  lightweight,  battery-operated  manpacks,  (Class  D)  for  one-man  operation. 

A major  motivation  for  the  development  of  GPS  is  its  potential  for  high  accuracy 
weapon  delivery.  The  use  of  GPS  in  such  a role  is  not  sufficiently  well  proven  either  on  a 
cost  or  an  effectiveness  basis  that  defendable  cost  avoidances  could  be  identified,  therefore, 
these  costs  are  not  included  in  this  study.  Given  the  uncertainty  of  the  utility  of  GPS  for 
weapon  delivery,  the  study  has  identified  two  sequential  courses  of  action  that  would 
minimize  the  risk  of  deploying  a:  GPS  system  of  unproven  value  to  precision  weapon 
delivery  and  yet  retain  the  cost  avoidance  potential  and  navigation  capability  of  a GPS 
system  having  lesser  accuracy.  The  first  course  of  netion  would  provide  a worldwide  GPS  of 
Limited  Operational  Capability  (LOCj  for  enroute  navigation  to  replace  the  above- 
mentioned  enroute  and  Doppler  systems.  The  second  course  of  action : would  provide  a 
worldwide  GPS  of  Full  Operational  Capability  (FOC)  potentially  capable  of  satisfying  the 
needs  of  many  additional  military  applications.  These  sequential  options  and  their.implica- 
tions  are  summarized  below  and  elaborated  further  in  the  Discussion. 

1.  Limited  Operational  Capability  Option 

The  key  steps  in  implementing  the  LOC  option  are: 

(1)  Provision  of  a sufficient  number  of  satellites  (~12)  to  ensure  a global  two- 
dimensional  navigation  capability  on  the  order  of  200  mete-s  and  a daily 
“window”  (1  to  3 hours)  for  the  testing  of  new  GPS  applies  .ms  and  weapon 
systems  requiring  high  accuracy  and  three-dimensional  information. 

(2)  Development  of  low  cost  user  equipment  (~$  10,000  for  Class  C)  to  replace  the 
enroute  (LORAN,  TACAN,  VOR/DME,  OMEGA,  DF,  and  TRANSIT)  and  Dop- 
pler navigation  systems  in  the  vast  majority  of  military  platforms. 

(3)  Planning  the  efficient  removal  of  current  enroute  systems  when  GPS  space  and 
user  equipment  segments  are  available.  An  annual  avoidance7  of  about  $130 
million  per  year  in  reprocurement  and  O&M  would  result  if  the  enroute  sys- 
tems and  some  Dopplers  (primarily  those  paired  with  an  inertial  system)  were 
phased  out.4  If  all  Dopplers  were  phased  out,  this  avoidance  would  increase  to 
about  $155  million  per  year. 

(4)  Closely  monitoring  tho  progress  of  GPS  space  and  user  equipment  development 
in  order  to  maximize  the  potential  cost  avoidance  of  R&D  and  procurement  of 
new  versions  of  current  systems.  If  GPS  capabilities  and  availability  were 


3.  A short  discussion  of  the  methods  and  assumptions  used  in  deriving  the  cost  avoidance  potential  for  current  systems  is 
given  in  Section  AJ.e,  page  23,  and  summarized  in  Table  8,  page  24,  of  the  Discussion. 

4.  Cost  figures  in  Part  2 are  usually  rounded  to  the  nearest  $5  million;  also,  all  costs  in  this  report  hir-e  been, adjusted  to 
1975  levels. 
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demonstrated  soon  enough,  all  or  part  of  the  planned  $340  million  in  new 
R&D  and  procurement  of  current  enroute  and  Doppler  systems  might  be 
avoided.  In  some  cases,  such  cancellations  could  result  in  a gap  of  3 to  5 years 
before  improved  navigation  capabilities  would  become  available.  Alternatively,  a 
2-year  delay  in  the  decision  to  halt  programs  may  negate  most  of  the  potential 
savings. 

(5)  Continue  the  study,  development,  and  testing  of  GPS  user  equipment  for  high 
accuracy  applications  such  as  coordinate  bombing,  mi  jeourse  guidance  of  tac- 
tical and  strategic  weapons,  instrt  ment  landing  of  aircraft,  etc.  These  weapon 
delivery  and  aircraft  landing  applications  will  need  a long  lead  time  for  develop- 
ment and  subsequent  acceptance  by  the  user  commands. 

The  potential  cost  avoidances  cited  above  assume  that  every  present  user  of  the 
current  navigation  systems  (23,000  aircraft  and  ships)  would  be  provided  a GPS  receiver  of 
limited  accuracy  (Class  C set).  This  class  of  receiver  should  provide  essentially  the  same 
capability  as  the  systems  it  would  replace  at  the  expense  of  somewhat  less  redundancy  in 
the  number  of  reference  (signal  transmitting)  systems.  The  estimated  costs  (in  1975  dollars) 
for  the  GPS  user  equipment  and  the  12-satellite  space  segment  of  the  LOC  option  are 
shown  below  (see  Pert  3,  Chapter  II,  for  further  discussion).5  These  GPS  costs  are  to  be 
compared  with  the  costs  of  the  conventional  systems  that  would  be  avoided  given  in  the 
preceding  paragraphs. 

Space  and  Control  Segments 

Initial  Investment  $530  million 

Annual  Costs  $70-85  million 

Use/  Equipment 

Initial  Investment  $3 1 5-630  million 

Annual  Costs  $20-40  million 

For  each  range  of  values  shewn,  the  lower  figure  is  derived  from  cost  data  provider,  by  the 
GPS  JPO,  while  the  higher  figure  results  trom  cost  increase  factors  assumed  in  this  study. 
(For  summary  of  these  factors,  see  Section  A.2.a,  page  25,  in  the  Discussion.) 

These  ranges  of  GPS  cost,  as  well  as  the  corresponding  costs  for  the  current  systems, 
may  be  used  to  determine  the  number  of  years  required  to  amortize  the  initial  cost  of  GPS. 
If  the  lower  goals  for  GPS  costs  are  met  and  enreute  plus  all  Dopplers  are  removed,  the 
initial  cost  of  GPS  would  be  amortized  (without  discounting)  in  8 to  13  years,  depending 
on  the  fraction  of  new  procurements  of  current  systems  that  wculd  be  avoided.  If  only  the 
Dopplers  in  dual  and  hybrid  installations  arc  removed,  this  break-even  range  shifts  to  a 
range  of  12  to  20  years.  If,  however,  the  GPS  costs  were  to  shift  to  the  upper  range  cf 
values  indicated  above,  all  break-even  points  become  unreasonably  large  (i.e.,  much  greater 

5.  The  estimates  of  GPS  costs  presented  herein  are  in  terms  of  program  f-raciional  requirements  (i.e.,  initial  RDT&E  .»nd 
procurement  of  hardware,  and  subsequent  annual  operating  costs).  Since  these  estimates  art  not  time  phased  and  some 
GPS  program  parameters  have  been  varied,  they  will  differ  in  composition  and  vary  somewhat  in  magnitude  from  current 
JPO  estimates. 
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than  20  years;.  These  estimates  are  based  on  the  assumption  that  the  current  enroute  and 
Doppler  systems  would  not  be  phased  out  until  the  GPS  (12-satellite  system)  becomes 
operational.  The  sensitivity  of  the  results  to  reasonable  changes  in  costs  emphasizes  the 
importance  of  achieving  the  low  cost  goals  for  GPS  equipment  if  future  savings  are  to 
result  (See  Figure  1 , page  29,  and  Table  20,  page  65.) 

2.  Full  Operational  Capability  Option 

The  FOC  option  includes  all  the  steps  previously  listed  for  the  LOC  option;  the  major 
additional  steps  are: . 

(1)  The  establishment  of  the  full  24-satellite  constellation  soon  after  the  12-satellite 
constellation  of  the  LOC  option  is  attained  (see  Table  9,  page  26,  for  space 
segment  and  user  equipment  costs.) 

(2)  Development  and  production  of  both  enroute  and  high  accuracy  GPS  user 
equipmen*  for  a large  number  of  new  applications  and  users.  The  JPQ  estimate 
for  the  ..nit  cost  of  the  high  accuracy  (Class  A)  user  equipment  is  about 
$25,000. 

(3)  Removal  of  current  landing  aids6  and  about  10  percent  of  the  current  weapon 
delivery  radars.  Note  that  the  application  of  GPS  in  precision  landing  and 
weapon  delivery  techniques  needs  to  be  demonstrated.  In  the  case  of  landing 
aids,  the  accuracy  of  the  FOC  GPS  is  marginal  (see  Part  3,  Chapter  I).  In  the 
case  of  radar  weapon  delivery  systems,  the  accuracy  of  GPS  is  adequate; 
however,  this  does  not  provide  sufficient  basis  for  replacing  most  (90  percent) 
of  the  bomb/nav  radars  in  the  inventory,  since  these  radars  also  perform  other 
functions,  such  as  air-to-air  search,  weapon  delivery,  and  terrain  avoidance.  The 
potential  cost  savings  for  these  additional  removals  of  equipment  are  given  in 
Table  8,  page  24. 

(4)  Cancellation  of  the  R&D  and  new  procurements  for  landing  aids  and  ground- 
based  radars  identified  in  Tables  7 and  8,  pages  21  and  24. 

Under  the  most  optimistic  assumptions  (i.e.,  lowest  GPS  costs  and  the  saving  of  all 
identified  sources  of  cost  avoidance),  the  break-even  time  for  tne  FOC  option  is  signifi- 
cantly greater  (about  25  years)  than  for  the  LOC  option.  This  difference  results  from  the 
much  higher  GPS  costs  and  the  relatively  small  additional  cost  avoidance  from  the  landing 
aids  and  bomb/nav  radars.  If  the  high  end  of  the  GPS  cost  ranges  were  to  apply,  then  GPS 
operations  costs  would  become  greater  than  the  potential  savings  in  the  operations  costs  of 
current  systems,  and  break-even  points  would  cease  to  exist.  Thus,  it  is  apparent  that  the 
FOC  option  will  probably  not  save  any  money  in  the  navigation  area. 

The  significant  advantage  that  would  accrue  from  the  FOC  option  is  the  potential 
application  of  GPS  (1)  to  new  weapon  systems  to  increase  operational  effectiveness,  and  (2) 


6.  Assuming  the  acceptance  by  the  FAA  of  GPS  as  a landing  aid  at  civil  aitpotts. 
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to  combined  operations  of  large  task  forces  to  improve  the  command  and  control  functions. 
The  operational  demonstrations  described  in  the  following  Discussion  provide  examples  of 
these  potential  applications  of  GPS.  Additional  examples  of  GPS  application  to  the  guidance 
of  tactical  and  strategic  missiles  (although  not  covered  in  this  report)  have  been  suggested  in 
other  rtudies,7  wherein  substantial  improvements  in  missile  effectiveness  have  been  pre- 
dicted. 

In  conclusion,  the  LOC  option  represents  the  least  risk  since  (1)  the  impact  of 
unforeseen  development  problems  in  the  satellites  (e.g.,  the  space  clocks)  would  be  reduced 
by  the  smaller  constellation,  (2)  the  current  enroute  and  Doppler  systems  represent  the  bulk 
of  the  potential  cost  avoidance,  and  (3)  the  applications  of  GPS  to  other  military  missions 
may  proceed  at  a pace  consistent  with  efficient  use  of  RDT&E  resources  and  acceptance  by 
the  user  commands. 

In  contrast,  the  risks  of  going  very  quickly  to  the  FOC  option  appear  appreciably 
greater.  The  more  rapid  development  of  GPS  user  equipment  required  for  this  plan  runs  the 
risk  of  increasing  the  costs8  and  creating  problems  of  acceptability  with  the  users.  Most  of 
the  interesting  new  applications  for  GPS  are  in  an  embryo  stage  at  present,  and  it  may  take 
10  to  15  years  to  bring  them  to  fruition  and  to  gain  their  acceptance  by  the  user  com- 
mands. In  the  interim,  it  should  not  be  necessary  to  carry  the  added  cost  of  the  additional 
satellites  needed  to  achieve  the  FOC. 

B.  TAlX  2:  OPERATIONAL  DEMONSTRATIONS 

Seven  demonstrations  have  been  identified  to  illustrate  the  operational  utility  of  GPS 
for  military  applications.  These  demonstrations  are  in  the  mission  areas  of  air  assault, 
aircraft  approach  and  landing,  amphibious  operations,  attack  helicopter  operations,  close  air 
support  forward  observer  and  artillery  operations,  and  photoreconnaissance  and  coordinate 
bombing.  Descriptions  of  each  of  these  proposed  demonstrations  have  been  developed.  The 
general  concepts  of  these  demonstrations  have  been  reviewed  with  the  Service  agencies 
having  the  doctinal  responsibility  for  the  position  fixing  and  navigation  problem  areas 
forming  the  bases  for  the  demonstrations.  The  concepts  have  been  exposted  to  include  their 
comments.  Each  of  these  demonstrations  is  examined  in  the  Discussion  (and  in  Part  3, 
Chapter  III),  along  with  the  current  problems  and  the  potential  benefits  of  using  GPS. 

C.  TASK  3 : PROGRAMS  THAT  COULD  BENEFIT  FROM  EARLY  AVAILABILITY  OF 

GPS  TEST  RANGE  INSTRUMENTATION 

Seven  programs  were  identi  ed  as  potentially  benefiting  from  the  early  availability  of 
GPS  test  range  instrumentation.  These  include  two  aircraft  developments  (B-l  and  F-16), 

7.  For  example,  Impact  of  the  Instrumental  Globe  on  Military  Forces  in  the  1980s-'  Strategic  Forces-A  Briefing,  Rand 
Working  Note  WN-8941-PR,  January  1975,  SECRET. 

8.  See  page  31  for  potential  impact  of  advanced  technology  on  user  equipment  costs. 
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two  cruise  missiles  programs  (ALCM  and  SLCM),  a strategic  missJle  development  (MX),  and 
two  air  defense  systems  (SAM-D  and  SHORAD).  Each  of  these  programs  has  range  testing 
needs  that  will  probably  require  acquisition  of  additional  (i.e.,  over  and  above  those 
currently  available)  instrumentation  systems.  The  potential  benefits  that  GPS  may  bring  to 
these  weapon  programs  are  high  accuracy  position,  velocity,  and  time  measurements;  greater 
mobility/flightpath  freedom  for  the  test  vehicle;  and  the  ability  to  quickly  establish  test 
ranges  on  a worldwide  basis.  The  specific  objectives  of  each  of  these  programs  that 

GPS  may  be  able  to  satisfy  are  examine'  >■. . ‘ owing  and  in  Part  3,  Chapter  IV. 
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This  pottion  of  the  report  is  divided  into  three  major  sections.  Section  A examines 
the  must  likely  candidate  systems  for  replacement  by  GPS,  and  the  technical,  operational, 
and[cost  implications  resulting  from  such  replacements:  Section  B examines  seven  candidate 
demonstrations  for  displaying  the  operational  utility  of  GPS;  and  Section  C examines  the 
current  development  programs  that  could  benefit  from  the  availability  of  GPS  for  range 
instrumentation. 


A.  TASK  1 : CANDIDATE  SYSTEMS  FOR  REPLACEMENT  BY  GPS 


The  major  issues  and  questions  posed  by  this  task,  assuming  that  GPS  will  perform  as 
predicted,1  are  (1)  which  current  navigation  systems  are  potential  candidates  for  being 
phased  out,  (2)  which  should  be  retained  to  be  used  in  conjunction  with  GPS,  (3)  what  are 
the  orders  of  magnitude  of  the  cost  avoidances  implied  by  phasing  cut  systems,  and  (4) 
what  are  the  technical  and  operational  aspects,  both  positive  and  negative,  that  would 
result. 

The  general  approach  adopted  to  answer  these  questions  was  to  assign  GPS  equipment 
to  all  user  platforms  and  then  review  the  navigation  suite  of  each  platform  type  for 
equipment  that  could  be  removed  without  compromising  its  mission  capabilities.  The 
rationale  for  equipment  removal  also  considered  the  vulnerability  of  GPS  to  both  physical 
and  electronic  countermeasures  by  electing  to  remove  equipment  in  stages;  that  is,  the  first 
systems  chosen  for  removal  would  probably  create  the  least  incentive  for  an  enemy  to 
attack  GPS  satellites  or  ground  control  stations,  and  subsequent  removals  would  create 
increasingly  higher  incentives.  The  specific  cases  used  in  this  removal  process  are: 

Casel:  Remove  all  enroute  radio  navigation  equipment  (i.e.,  equipment  whose 
primary  function  is  point-to-point  navigation). 

Case  2:  Remove  the  self-contained  Doppler  systems.  Two  subcases  are  analyzed:  (a) 
removal  of  one  Doppler  in  dual  and  hybrid  installations  and  (b)  removal  of 
all  Dopplers. 

Case  3:  Remove  all  military  landing  systems. 


1.  See  Appendix  A for  discussion  of  the  NAVSTAR  GPS  program. 
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Case  4:  Remove  all  radar  sensors  whose  prime  fu  fiction Js  weapon  delivery,  naviga- 
tion, and  mapping. 

In  the  first  two  cases,  the  navigation  requirements  are  such  that  a tw>>dimensional, 
relatively  low  accuracy  GPS  system  is  an  adequate  replacement.  For  the  next  two  cases,  the 
full  three-dimensional,  high  accuracy  GPS  system  is  necessary.  These  cases  are  summarized 
in  Table  1 in  terms  of  the  specific  generic  navigation  systems  now  employed  by  military 
users. 


„ , . , ~ ■ Not  all  of  the  systems  listed  in  Table  1 

Table  1.  Generic  Types  of  Equipment 

Removed  From  Aircraft  are  important  from  a potential  cost  avoidance 

point  of  view.  Table  2 summarizes  the  user 
equipment  inventory  and  the  order-of- 
Casel:  Enroute  Radio  NAVAIDS  magnitude  investment  in  military  navigation 

- TACAN  systems,  and  indicates  which  systems  are  the 

-VOR/DME  major  candidates  for  cost  avoidanpe,  since 

-OMEGA  annual  operations  costs  are  typically  propor- 

- Direction  Finders  (DFs)  tional  to  equipment  investment.  It  is  evident 

Case  2:  Doppler  Systems  from  Table  2 that  the  dominant  users  of 

Case  3:  Landing  Aids  current  navigation  equipment  are  aircraft. 

- Instrument  Landing  System  (ILS)  Ship  users  are  far  less  numerous  (1 .5  percent 

— Precision  Approach  Radars  (PARs)  „ ...  , . 

of  tot.:l  inventory),  and  the  ground  forces 

Case  4:  Bombing/Navigation  Radars  , . . „ . . ...  

have  virtually  no  equipment  of  the  types 

listed. 

The  inertial  systems  are  not  considered  replaceable  by  GPS  because  they  provide  (1) 
the  best  self-contained  performance  available  today,  and  (2)  the  needed  backup  in  case  GPS 
is  jammed  or  physically  attacked.  Of  the  remaining  systems  in  Table  2,  the  important  ones 
for  this  study  are  the  enroute  LORAN,  TACAN,  VOR/DME,  OMEGA,  and  DF  systems  and 
the  Doppler  systems.  These  systems  represent  an  investment  of  approximately  $670  million, 
which  is  almost  60  percent  of  the  estimated  total  investment  of  $1.2  billion. 


Case  1 : 

Enroute  Radio  NAVAIDS 
- LORAN 

- TACAN 

- VOR/DME 
-OMEGA 

- Direction  Finders  (DFs) 

Case  2: 

Doppler  Systems 

Case  3: 

Landing  Aids 

— Instrument  Landing  System  (ILS) 

— Precision  Approach  Radars  (PARs) 

Case  4: 

Bombing/Navigation  Radars 

1 . Operational  Considerations  and  Cost  Avoidance  Potential 

Each  of  the  aforementioned  four  cases  of  navigation  system  removal  has  its  own 
special  set  of  technical  and  operational  consequences,  as  well  as  cost  avoidance  potentials. 
These  are  discussed  in  the  following  sections. 

a.  Case  1 : Enroute  Radio  Navaids 

The  enroute  radio  navigation  aids  (navaids)  are  those  employed  primarily  in  navigating 
from  point  A to  point  B over  considerable  distances.  The  accuracy  needed  for  enroute 
navigation  is  relatively  low:  several  hundred  meters  may  be  required  near  congested  terminal 
areas,  while  1 to  5 miles  sufficient  for  the  “cruise”  portions  of  most  missions. 

The  present  radio  systems  are  of  three  general  types:  (1)  hyperbolic  systems  such  as 
LORAN  and  OMEGA,  which  require  a minimum  of  three  ground  stations  for  position 
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Table  2.  Estimai  ?d  Total  User  Equipment  Investment  Costs  for  Navigation 
Systems  Currently  in  Use*  by  the  U.S.  Military  Services 
(Costs in  1975  Dollars) 


Aircraft  Users 


System  Type 


LORAN 

TACAN 

VGR/DME 

OMEGA/VLF 

DF 

ILF 

Doppler  (Single)t 
Doppler  (Redundant)t 

Inert  ia!s 

Bombing/Navigation 

Radars 

Satellite 


Average  Total 

~otal  Cost)  per  Investment 

In i entory  Unit  ($)  (SMI 


•+,200 

V,000 

l.,000 

400 

20,000 

5.000 

4.000 
1,700 

4,000 

600§ 


50.000 

10.000 

4,000 

25.000 

2.500 

3.500 

37.000 

80.000 
150,000 


Ship  Users 

Total 

Inventory 

Average 
Cost t per 
Unit  (SI 

Total 

Investment 

(SM) 

500 

15,000 

7.5 

300 

25,000 

7.5 

200 

500,000 

100.0 

100 

25,000 

2.5 

Total 

117.5 

•Land  users  have  been  omitted  from  the  table  since  currently  they  have  few  high  value  systems  in  the  inventory. 

tAverage  costs  quoted  here  are  approximate  and  are  for  scoping  purposes  only.  Detailed  cost  estimates  for  specific 
systems  are  given  in  Chapter  II. 

{Single  Dopplers  are  installations  in  which  only  one  Doppler  is  used  as  a means  of  navigation  beyond  the  range  of  radio 
navigation  aids.  Redundant  Dopplers  are  those  which  are  paired  with  an  inertial  system  or  another  Doppler. 

§The  600  radars  listed  here  are  those  which  have  only  on  air-to-ground  weapon  delivery  or  navigation  capability.  There 
are  about  6,000  radars  which  have  functions  in  addition  to  air-to-ground  weapon  delivery  and  navigation,  j.e.,  search, 
air-to-air,  intercept,  etc. 


fixing;  (2)  “rho/theta”  systems  such  as  TACAN,  which  require  only  one  ground  station  for 
a position  fix;  and  (3)  direction  finding  (DF)  systems,  which  give  only  a line  of  position 
and  are  seldom  considered  a primary  navigation  aid  except  on  minimally  equipped  platforms 
(some  helicopters  and  small  boats). 

These  navaids  are  characterized  by  extensive  networks  of  ground  stations  to  provide 

coverage  of  most  or  all  of  the  populated  areas  of  the  world,  as  well  as  almost  universal  use 

by  both  military  and  civil  aircraft  and  ships  of  both  the  Free  World  and  Red  Bloc  nations. 

* 

Table  2 estimates  the  current  U.S.  military  inventory  of  usei  equipment  for  aircraft  and 
ship  platforms. 
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From  a technical  point  of  view,  a simplified,  low  cost  GPS  receiver,  using  only  the 
clear/acquisition  signal,3  could  fulfill  most  of  the  navigation  functions  of  the  current 
enroute  systems.  Furthermore,  only  about  half  of  the  currently  planned  24  satellites  would 
be  needed  to  pro’,  ide  a two-dimensional  capability  equivalent  to  the  present  systems. 

There  are  a number  of  technical  and  collateral  aspects,  both  positive  and  negative, 
which  may  influence  a decision  to  phase  out  any  of  the  enroute  systems  considered.  These 
are  discussed  below. 

LORAN.  LORAN  is  a long  range  radio  navigation  system  of  the  hyperbolic  type 
in  widespread  use  by  military  and  civil  users.  LORAN  A is  scheduled  to  be  phased 
out  by  1980  insofar  as  U.S.  support  is  concerned.  LORAN  C has  been  selected  (by 
DOT)  as  the  primary  system  for  the  U.S.  coastal/confluence  waters  and  the  Great 
Lakes.  This  net  is  scheduled  to  have  21  stations,  of  which  8 are  operating  (4  in 
Alaska  and  4 on  the  east  coast).  The  positive  and  negative  aspects  of  the  use  of  GPS 
for  the  LORAN  function  are: 

Positive  Aspects 

• GPS  would  be  worldwide,  whereas  LORAN  coverage  is  presently  limited  to 
heavily  traveled  ocean  areas.  Broad  ocean  coverage  by  LORAN  does  not  appear 
practical. 

• The  potential  accuracy  of  a 12-satellite  GPS  space  segment  and  low  cost  user 
equipment  would  meet  most  of  the  requirements  fulfilled  by  LORAN.  The  full 
24-satellite  space  segment  and  high  accuracy  user  sets  are  predicted  to  exceed 
LORAN  performance. 

• The  phaseout  of  LORAN  A by  1980  would  provide  GPS  with  a potential  civil 
market  if  the  low  cost  goals  for  GPS  user  equipment  were  achieved. 

Negative  Aspects 

• Cancellation  of  the  Air  Force  Tactical  LORAN  (ARN-101),  the  Army  low  cost 
LORAN  (ARN-114),  and  the  corresponding  LORAN  D ground  chain  (see  Table 
5);  and  substitution  of  equivalent  GPS  user  equipment  would  result  in  a gap  of 
3 to  5 years  before  improved  navigation  capability  could  become  available. 

• The  two-dimensional  GPS  capability  would  have  to  be  available  by  1979  (or 
shortly  thereafter)  to  service  the  U.S.  coastal/eonfluence  zones  (in  particular, 
the  west  coast  and  Gulf  of  Alaska  areas)  to  replace  LORAN  A. 

In  general,  the  substitution  of  CPS  for  the  LORAN  function  is  attractive  from  the 
standpoint  of  both  equal  or  improved  capabilities  and  cost  avoidance  potential.  The 
inhibiting  factor  is  primarily  timing  of  the  availability  os~  GPS  to  fulfill  specialized  needs  for 
both  civil  and  miiitarv  users. 


2.  See  Appendix  A for  discussion  of  GPS  operation. 
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TACAN  and  VOR/DME.  TACAN  and  VOR/DME  arc  treated  together  since  they 
provide  nearly  identical  navigation  service,  in  large  measure,  the  two  ground  reference 
systems  are  collocated  tor  civil  operations  and  are  called  VORTACs.  The  DME  component 
of  the  collocated  systems  is  common  to  both  TACAN  and  VOR/DME.  TACAN  is  primarily 
a military  system,  and  VOR/DME  is  the  Free  World  civil  system.  The  nominal  accuracies  of 
both  systems  are  similar  (3.5  degrees  in  azimuth  and  0.5  nmi  or  3 percent  of  range, 
whichever  is  greater,  1 sigma).  Techniques  for  improving  the  accuracy  for  both  systems  by 
almost  a factor  of  10  exist  and  have  been  employed  in  special  situations.  The  locations  of 
the  fixed  VORTAC  sites  determine,  in  large  measure,  the  overland  route  structure  for  aircraft 
in  the  Free  World. 

VOR/DME  is  installed  in  some  military  aircraft  (primarily  cargo  types)  to  enable  use 
of  the  civil  airspace  structure  in  the  absence  of  TACAN  ground  stations.  Assuming  that  GPS 
will  be  approved  for  1FR  navigation  in  the  civil  airspace,  VOR/DME  user  sets  wouid  no 
longer  be  required  by  these  military  aircraft. 

Abandonment  of  the  civil  reference  system  is  an  FAA/ICAO  matter  and  has  little  cost 
avoidance  potential  for  the  DOD.  The  broad  implications  of  GPS  to  civil  navigation  suggest 
that  the  development  of  GPS  be  coordinated  with  the  FAA  and  ICAO,  and  be  made 
available  for  civil  use.  These  implications  are: 

(1)  Eventual  elimination  of  the  civil  network  of  VOR/DME  ground  stations,  and 
provision  of  a suitable  replacement. 

(2)  Availability  of  IFR  navigation  capability  in  areas  not  presently  served. 

(3)  Facilitation  of  the  area  navigation  concept. 

(4)  The  impact  of  a large  number  of  additional  users  on  user  system  cost  through 
high-volume  production  and  more  competition.  1 

In  addition  to  the  obvious  er.route  navigation  function,  the  VORTAC  system  provides 
additional  services  to  both  military  and  civil  aircraft.  The  most  important  of  these  is  its  use 
as  an  aid  for  nonprecision  approaches  to  landing.  In  the  military  case,  this  includes 
approaches  to  aircraft  carriers  and  forward  unimproved  airstrips  (using  portable  TACAN 
beacons).  An  operational  demonstration  to  confirm  the  potential  capability  of  GPS  as  a 
nonprecision  and  Category  I approach  aid  is  discussed  on  page  35  and  in  Part  3,  Chapter 
III. 

In  an  analogous  way,  TACAN  is  used  as  a means  for  aircraft-to-ship  and  aircraft-to- 
aircraft  rendezvous.  The  rendezvous  function  requires  positioning  relative  to  a moving 
target.  This  relative  navigation  source  is  automatically  provided  by  the  TACAN  beacon.  The 
use  of  GPS  would  require  a data  link  to  establish  relative  position  and  headings.  While  this 
might  be  done  by  voice  for  slowly  moving  platforms,  it  would  probably  require  a narrow- 
band  data  link  and  computer  (for  distance  and  bearing  computations)  for  an  aerial  refueling 
operation. 
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The  positive  and  negative  aspects  of  the  use  of  GPS  for  the  TACAN  function  are: 

Positive  Aspects 

GPS  would  be  worldwide,  while  TACAN  is  primarily  an  overland  system. 

The  accuracy  of  a 12-satellite  space  segment  and  low  cost  user  equipment 
would  potentially  equal  or  exceed  the  performance  of  TACAN. 

GPS  would  have  greater  resistance  to  ECM. 

GPS  would  provide  an  area  navigation  capability,  whereas  TACAN  requires  the 
addition  of  a computer  to  provide  this  capability. 

Users  of  GPS  would  be  passive,  whereas  TaCAN  users  must  radiate. 

GPS  could  not  be  saturated,  whereas  the  DME  portion  of  TACAN  ground 
stations  are  saturable. 

Negative  Aspects 

• The  G'  reference  system  would  provide  less  redundancy  than  TACAN. 

• A GPS  user  would  require  a data  link  when  performing  a rendezvous  with 
another  moving  platform. 

• GPS  would  require  approval  by  FAA  and  ICAO  if  it  is  to  be  used  as  a 
substitute  for  VORTAC  1FR  navigation  in  the  civil  route  structure. 

• Abandonment  of  the  ground  reference  system  may  be  objected  to  by  friendly 
foreign  forces  that  have  adopted  TACAN  as  principal  means  of  navigation. 

As  is  indicated  above,  GPS  generally  fulfills  the  function  of  TACAN.  The  only 
exception  is  rendezvous.  The  negative  aspects  are  in  large  measure  administrative.  There  is 
little  question  that  GPS  should  meet  the  FAA  standards  set  forth  in  Circular  90-45A  and 
thus  should  be  approved  by  the  FAA  and  tiie  ICAO.  Tire  attitudes  of  the  foreign  friendly 
forces  are  unknown.  It  is  wortii  notuig.  however,  that  they  could  share  in  the  cost 
avoidance  potential  in  proportion  to  the  isze  of  their  aircraft  fleet  without  a concomitant 
investment  in  R&l)  and  the  space  segment. 

Direction  Finding  Systems.  DF  systems  consist  of  a series  of  nondirectional  beacons 
(NDBs)  and  a user  receiver  with  an  antenna  that  senses  the  direction  from  which  the  NDB 
radiation  comes.  Automatic'  direction  finding  (ADF)  receivers  display  the  direction  of  the 
received  signal  relative  to  the  longitudinal  axis  of  the  platform  (aircraft  or  ship).  The  system 
has  the  advantages  of  being  comparatively  cheap  and  easy  to  maintain.  Its  limited  accuracy 
under  good  atmospheric  conditions  (about  5 degrees),  coupled  with  added  sensing  errors  in 
electrical  storms  and  pilotage  errors  in  high  winds,  makes  it  unsuitable  for  use  in  high 
density  traffic.  Nevertheless,  the  low  cost  of  DFs  lias  resulted  in  their  use  as  a primary 
navigation  aid  on  “low  cost”  platforms  (e.g.,  helicopters)  and  as  a backup  system  on 
virtually  everything  eise-military  and  civil.  In  spite  of  its  deficiencies,  tile  NDB/ADF 
continues  in  use  as  a means  of  conducting  nonprecision  approaches  at  many  airports  and  as 
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1974 

Futjre 

Increase 

Navy 

Ships 

278 

54 

Aircraft* 

127 

177 

Air  Force 

0 

690 

an  aid  in  making  the  initial  approach  to  a precision  instrument  landing.  The  cost  avoidance 
potential  of  military  DF  systems  is  significant  because  of  the  large  number  in  use  (see  Table 
4). 

Although  GPS  can  provide  much  more  capability  than  the  ADFs,  it  may  still  be 
desirable  to  retain  them  as  a low  cost  backup  for  a “get  home”  capability  rather  than 
provide  dual  GPS  receivers. 

OMEGA.  The  only  truly  global  radio  navigation 
systems  other  than  GPS  are  the  VLF  hyperbolic  systems.  Table  3.  Military  Usage 
The  best  known  of  these  is  OMEGA.  The  military  usage  of  OMEGA 

of  OMEGA  is  increasing,  as  indicated  in  Table  3.  

Its  use,  for  the  period  covered  by  this  study,  is  Future 

confined  to  high  value  platforms  that  routinely  operate  1974  increase 

over  the  ocean  beyond  the  range  of  other  systems.  The  ' \— 

fylaw 

individual  system  costs,  both  user  and  ground  reference,  ! 

are  relatively  high.  However,  their  limited  usage  makes  Sh,ps  278  54 

the  overall  cost  avoidance  potential  small.  Since  OMEGA  Aircraft  127  177 

is  the  only  reliable  worldwide  alternative  to  GPS,  and  Air  Force  0 690 

since  there  is  little  cost  to  be  saved  by  its  abandonment,  — - 

it  is  reasonable  to  retain  it  as  a backup  system  for  broad  Source:  opnav  instruction  S3530.ib. 

ocean  navigation.  *“'3  and  s'3  aircraft  on|v- 

tFor  C130  MOD. 

Costs  of  Enroute  Systems.  The  two  major  cost 
segments  for  the  enroute  radio  navigation  systems  are  the 
user  equipment  and  the  reference  equipment.  The  esti- 
mated average  annual  operations  and  recurring  acquisition  costs  for  the  enroute  user  systems 
considered  in  Case  1 are  summarized  in  Table  4.  The  methodology  and  cumulative  cost  data 
on  which  the  15-year  averages  in  Table  4 are  based  are  given  in  Part  3,  Chapters  I and  II. 
The  user  system  costs  shown  in  Table  4 do  not  include  the  procurement  of  new  designs  of 
equipments  that  either  provide  a new  capability  for  existing  platforms  or  replace  aging  or 
otherwise  unsatisfactory  older  equipment.  The  specific  programs  of  this  type  are  listed  in 
Table  5. 

The  new  equipments  listed  in  Table  5 would  probably  be  installed  by  the  earliest 
time  at  which  a two-dimensional  GPS  capability  could  exist  as  an  alternative.  Realization  of 
any  cost  avoidance  would  entail  some  delay  in  the  scheduled  upgrading  of  enroute  naviga- 
tion equipment  capabilities.  The  magnitude  of  realized  cost  avoidance  will  depend  on  early 
cancellation  of  these  R&D  procurement  programs.  However,  such  cancellation  decisions 
would  depend  critically  on  the  early  demonstration  of  satisfactory  GFS  performance. 


Source:  OPNAV  Instruction  S3530.1B. 
*D-3  and  S-3  aircraft  only. 
tFor  C130  MOD. 


b.  Case  2:  S**!f  ntained  Doppler  Systems 

Self-contained  systems  are  utilized  in  military  platforms  either  because  the  enroute 
radio  navaids  (previously  discussed)  are  unavailable  in  the  areas  of  use  or  because  it  is 
expected  that  these  radio  systems  will  be  jammed  or  otherwise  compromised.  A common 
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Table  4.  Estimated  A verage  * A nnual  Costs  for  Military 
Enroute  User  Equipment 
l Costs  in  Millions  of  1975  Dollars) 


System 

Number 
of  Sets 

Recurring 

Acquisition 

Cost 

O&M  Cost 

Total  Cost 

LORAN 

4,900 

24.3 

35.0 

59.3 

TACAN 

12,500 

4.1 

24.5 

28.6 

VOR/DME 

7,200 

1.1 

2.3 

3.4 

OMEGA 

300 

0.5 

0.4 

0.9 

ADF 

20,900 

3.1 

8.4 

11.5 

Total 

45,200 

33.1 

70.6 

103.7 

'Quantitie-  and  com  are  averaged  over  the  15-year  period  covered  by  thii  study  (see 
Part  3,  Chapter  0. 


Table  5.  New  Enroute  Equipment  Procurement* 


System 

Type 

Time  Span 

Quantity 

Planned 

Average 
Unit  Cost 
(dollars.  1975) 

Total 

($  millions.  1975) 

Air  Force 

ARN-118 

TACAN 

1976- 

10,000t 

12,000  • 

120.0 

ARN-101 

LORAN 

1978-1979 

242 

150,000$ 

36.3 

Unknown 

OMEGA 

Thru  FY  1978 

690 

15,000 

10.4 

TRN-35 

LORAN 

1976-1977 

- 3 chains  - 

15.6 

(Ref) 

Army 

- 

ARN-114 

LORAN 

1975- 

2,100 

28,000  § 

59.0 

ARN-123 

VOR/ILS 

1975- 

7,100® 

1,540* 

11.0 

PSN-6 

LORAN 

1976-1978 

1,740 

18,000 

30.0 

Total 

282.3 

'Note  that  quantities  and  costs  are  planning  figures  and  do  not  represent  firm  contract  data. 
tContract  has  been  let  for  initial  1 ,100  units. 

{Contract  price  does  not  include  inertial  measurement  unit  (IMU). 

§ Army  cost  target. 

•Contract  let  for  initial  864  units  plus  100  percent  option, 
a'tcludes  4-year  failure  free  warranty. 
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form  of  self-contained  navigation  equipment  is  the  dead-reckoning  system,  which  integrates 
velocity  to  derive  position  change.  All  systems  of  this  type  require  initialization  to  provide 
the  position  in  geographic  coordinates.  The  velocity  vector  required  for  the  dead-reckoning 
systems  can  be  obtained  in  a variety  of  ways.  The  most  accurate  systems  using  direct 
measurement  of  velocity  are  based  on  Doppler  radar  measurements  of  platform  speed 
relative  to  the  ground  and  employ  a gyrocompass  measurement  of  heading  relative  to  true 
north.  Accuracies  of  1 to  5 percent  of  distance  traveled  are  typical  for  Doppler  systems.  All 
self-contained  systems  are  characterized  by  an  unbounded  position  error  that  grows  with 
time.  Thus,  periodic  position  updates  are  required  to  control  the  errors  on  long  missions. 

The  Doppler  systems  are  frequently  used  in  dual  or  hybrid  installations  both  for 
redundancy  and  to  improve  the  overall  accuracy.  Of  S,370  platforms  containing  Doppler 
systems,  3,700  have  a single  Doppler,  1,300  have  Doppler/Inertial  hybrids,  and  370  have 
dual  Doppler  installations.  Substitution  of  GPS  receivers  for  these  Doppler  sensors  is 
technically  feasible,  since  the  predicted  velocity  accuracy  f.r  GPS  (see  Appendix  A),  is 
equal  to,  or  better  than,  the  performance  of  present-day  Dopplers.  Furthermore,  an 
inertial/GPS  hybrid  would  be  more  accurate  than  any  of  the  current  dual  self-contained 
systems,  since  the  errors  would  be  bounded  by  the  GPS  system.  The  potential  cost 
avoidances  arising  from  the  substitution  of  GPS  for  the  Doppler  component  of  the 
redundant  (i.e.,  dual  or  Doppler/Inertial)  self-contained  systems  or  for  all  Dopplers  in  the 
inventory  are  presented  in  the  next  section.  The  positive  and  negative  aspects  cf  these 
subsitutions  are: 

Positive  Aspects 

• GPS/Inertial  systems  provide  better  accuracy  for  long  range  enroute  navigation 
than  Doppler/Inertial  combinations. 

• Unlike  Doppler  systems,  GPS  is  unaffected  by  terrain  reflectance  characteristics. 
Under  some  conditions  Doppler  is  unusable  over,  water. 

• GPS  users  are  passive,  whereas  the  radiation  from  Doppler  systems  is 
detectable. 

Negative  Aspects 

• GPS  is  not  self-contained  and  is  thus  vulnerable  to  physical  countermeasures 
against  the  satellites  and  ground  stations. 

GPS  would  generally  fulfill  the  functions  performed  by  the  Doppler  systems.  The 
vulnerability  of  GPS  satellites  and  ground  stations  to  physical  and  electronic  counter- 
measures would  necessitate  the  retention,  and  perhaps  greater  use,  of  inertial  systems  on 
military  platforms. 

Costs  of  Doppler  Systems.  The  average  annual  expenditure  for  all  Doppler  systems  is 
about  $35  million,  of  which  $10  million  is  for  procurement  and  $25  million  is  for  O&M. 
Since  approximately  30  percent  of  the  total  number  of  Dopplers  in  the  inventory  are  one 
of  a pair  in  a dual  or  hybrid  system,  30  percent  of  the  costs  cited  above  could  be  avoided 

19 


UNCLASSIFIED 


UNCLASSIFIED 


by  removing  one  Doppler  from  each  of  these  systems.  The  corresponding  average  annual 
rate  is  $10  million,  of  wliich  $3  million  is  for  procurement  and  $7  million  for  O&M.  In 
addition,  approximately  $55  million  is  planned  (by  the  Army)  for  future  procurement  of 
new  Doppler  systems. 

The  potential  cost  implications  of  other  hybrid  systems  using  the  Air  Data  System  or 
the  Airborne  Heading  and  Attitude  Reference  System  (AHARS)  with  GPS  have  not  been 
examined  in  this  study.  However,  they  may  be  a major  factor  in  the  teasibility  of 
eliminating  the  single  Doppler,  which  would  be  a significant  added  cost  avoidance. 

c.  Case  3:  Landing  Aids 

The  ability  to  approach  and  land  under  reduced  ceiling  and  visibility  conditions  is 
vital  to  the  operation  of  virtually  ail  military  aircraft.  The  primary  approach  and  landing  aid 
in  current  use  by  the  military  is  the  Precision  Approach  Radar  (PAR),  which  requires  only  a 
communications  capability  by  the  user.  The  standard  civil  landing  aid  is  the  Instrument 
Landing  System  (ILS).  ILS  is  also  used  extensively  in  those  military  aircraft  which 
routinely  land  at  civil  airfields-about  5,000  of  the  total  inventory  of  23,000.  This  includes 
primarily  the  cargo  aircraft.  In  addition,  many  of  the  Air  Force  tactical  aircraft  are  being 
equipped  with  ILS.  A microwave  landing  system  is  being  developed  by  the  FAA  (with  DOD 
participation)  that  is  expected  to  become  the  common  system  for  both  military  and  civil 
use. 

There  are  four  classes  of  approach  and  landing  requirements:  nonprecision 
approaches,  and  Category  I,  II,  and  III  approaches  and  landings  (see  Part  3,  Chapier  I). 
Comparison  of  the  accuracy  requirements  with  the  expected  performance  of  GPS  indicates 
that  GPS  could  easily  fulfill  the  requirement  for  the  nonprecision  approach.  In  addition, 
there  appears  to  be  a potential  for  the  use  of  GPS  as  a landing  aid  for  Category  I,  if  a local 
differential  system  is  implemented.  This  would  consist  of  a GPS  receiver  precisely  located 
relative  to  the  approach  path  and  a data  link  provided  to  the  aircraft.  However,  it  appears 
doubtful  that  a differential  system  would  provide  sufficient  accuracy  in  Ure  vertical  coordi- 
nate to  allow  Category  II  and  III  approaches.  A proposed  operational  demonstration  of  the 
capabilities  of  GPS  for  the  approach  and  landing  function  is  discussed  in  Section  B.2  of  this 
Discussion  and  in  Part  3,  Chapter  III. 

Aside  from  the  accuracy  issues,  a major  advantage  offered  by  GPS  as  a landing  aid 
would  be  its  worldwide  availability.  In  ihe  case  of  nonprecision  approaches,  it  would 
eliminate  the  need  for  ground  systems;  in  the  case  of  the  higher  precision  approaches,  the 
ground  installation  may  be  somewhat  simpler  than  ILS  or  the  developmental  Microwave 
Landing  System  (MLS).  As  will  be  seen  in  the  next  section,  the  tactical  flexibility  that  these 
characteristics  offer  is  probably  more  important  than  the  modest  cost  savings  that  they 
potentially  provide. 

Costs  of  Landing  Systems.  The  present  inventory  of  both  Precision  Approach  Radar 
and  ILS  reference  systems  is  given  in  Table  6 along  with  the  approximate  annual  O&M  costs 
of  $11  million  for  ILS  and  $14  million  for  PAR.  The  average  annual  cost  for  ILS  user 
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Table  6.  Inventory  and  Annual 
Operation  and  Maintenance 
Costs  of  Precision  Military 
Landing  Aid  Reference  Systems 


Table  7,  Planned  Total  Expenditures  for 
New  Military  Landing  Aids  1975*1980 


O&M 

System 

(SM, 

Type 

Inventory 

1975 ) 

, PAR 

101* 

Hi 

ILS 

189 

121 

*Doet  not  Incli-1*  any  Army 
«yit  ami -data  not  in  ECAC  data 
bate. 

t Includes  military  controller  cotta 
bated  on  tix  controller  year*  per  set 
at  $15,000  pay  and  allowances. 


User  Equipment 


SM1975 


R&D 

Military  Share  of  National  38 

MLS  Development 

I LS  Modernization  Program  35 


Ground  Reference  Systems 


R&D* 


Procurement 

GRN-27 

15 

TPN-19 

46 

Product  Improvement 

13 

Total 

147 

"MLS  ground  reference  R&D  Included  in  $38  million 
for  uiar  R&D. 


equipment  is  $12  million,  comprising  about 
$2  million  for  p.ocurement  and  $10  million 
for  O&M.  Thus,  the  total  annual  cost  for 
landing  aids  is  $37  million. 

The  Air  Force  is  planning  to  upgrade 

the  ILS  and  PAR  installations  at  its  bases  during  the  period  covered  by  this  study.  Other 
than  this  interim  ; .jgram,  the  expenditure  for  landing  aids  is  expected  to  be  small  until 
MLS  becomes  available  in  the  mid-1980s. 

The  planned  expenditures  for  new  landing  aids  is  summarized  in  Table  7. 


d.  Case  4:  Bombing/Navigation  Radars 

The  use  of  GPS  as  an  aid  in  the  delivery  of  airborne  weapon  systems  is  probably  the 
role  most  likely  to  elicit  an  enemy  attack  against  GPS.  Nevertheless,  given  that  GPS  will 
perform  as  predicted,  it  appears  to  be  a viable  alternative  for  radar  bombing  as  it  is 
currently  done. 

The  capabilities  of  the  current  radar  systems  are  such  that  the  ability  of  the  aircrew 
to  acquire  and  strike  targets  of  opportunity  is,  for  all  practical  purposes,  nonexistent. 
Strikes  are  preplanned  using  prior  photo  or  radar  reconnaissance.  Release  points  are 
determined  by  offset  beacons  or,  if  the  target  is  distinctive  enough,  by  matching  radar  scope 
photographs  (actual  or  simulated).  In  either  case,  the  measured  impact  errors  are  quite  large. 
This  entire  procedure  can,  in  principle,  be  done  using  ■ ■*  in  a coordinate  bombing  mode 

(see  p.  39  and  Part  3,  Chapter  III).  The  resulting  accuracy  has  been  predicted  to  be  better 
by  as  much  as  an  order  of  magnitude.3  GPS  alone,  however,  has  no  potential  to  strike 
targets  of  opportunity,  either  moving  or  stationary,  unless  a FAC  or  other  target  acquisition 


3.  WSEG  Report  216/IDA  Report  190,  Defense  Navigation  Satellite  System  (DNSS)  Study,  July  1973,  SECRET. 
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system  could  determine  the  coordinates  of  the  target  and  hand  off  its  GPS  coordinates  to  a 
strike  aircraft  also  using  GPS. 

The  development  of  a new  strike  radar  system  such  as  the  Electronically  Agile  Radar 
(EAR),  and  capitalization  of  the  Forward  Looking  Advanced  Multimode  Radar  (FLAMR) 
technology,  are  underway  and  are  expected  to  lead  to  a capability  to  acquire  and  accurately 
strike  targets  of  opportunity  such  as  tanks  and  trucks.  The  cost  of  such  systems  will  be 
high-probably  approaching  51  million  each.  The  conservative  approach  at  this  time  would 
appear  to  be  a continued  development  of  the  technology  of  precision  radar  weapon  delivery 
to  the  point  of  tactical  demonstration  and  concurrently  to  develop  the  techniques  for  blind 
bombing  using  GPS.  This  approach  would  also  yield  better  estimates  of  costs  of  the 
advanced  radars  as  well  as  the  subsidiary  equipment  required  to  utilize  GPS  for  striking 
targets  of  opportunity.  If  both  developments  are  successful,  GPS  could  serve  as  a backup 
system  for  the  advanced  radar.  In  any  case,  because  of  the  poor  performance  of  current 
weapon  delivery  radars,  consideration  should  be  given  to  the  practicality  of  phasing  out 
some  of  the  current  radar  systems  as  GPS  becomes  available  and  is  proven  effective  for 
coordinate  bombing. 

There  are  currently  about  5,500  airborne  radars  in  the  inventory  that  have  at  least  an 
air-to-ground  weapon  delivery,  navigation,  or  mapping  capability.  In  90  percent  of  the  cases, 
these  radars  have  additional  capabilities  such  as  air-to-air  intercept  that  cannot  be  supplied 
by  GPS.  The  remaining  fraction  (about  580  radars)  have  only  a bombing/navigation  or 
mapping  capability.  These  are  the  only  radars  that  could  be  replaced  by  a proven  GPS 
alternative  without  a marked  degradation  i«  the  capabilities  of  the  aircraft.  The  functions 
that  would  be  lost  if  the  other  radars  were  phased  out  are  primarily  air-to-air  search  and 
weapon  delivery  on  air  superiority  fighters,  terrain  following  and  avoidance  on  attack 
aircraft,  and  surface  search  on  naval  patrol  and  attack  aircraft.  Although  innovative  use  of 
GPS  in  conjunction  with  other  target  acquisition  systems  might  fulfill  some  of  these  radar 
functions,  there  have  been  no  studies  to  determine  the  efficacy  of  such  new  approaches. 

It  is  conceivable  that  more  than  580  of  the  current  radars  could  be  phased  out.  The 
factors  that  would  influence  such  a decision  include  the  development  of  the  new  radar 
systems  as  noted  before  and  the  changing  role  of  the  F-4  with  the  advent  of  the  F-14,  F-15, 
and  F-16  aircraft  and  their  air  superiority  role.  If  the  air-to-air  role  of  the  F-4  is 
downgraded,  then  approximately  600  additional  radars  might  be  phased  out. 

The  Air  Force  is  currently  conducting  a study  of  these  and  other  issues  surrounding 
the  needs  for,  and  use  of,  radars  in  aircraft.  This  study  should  shed  more  light  on  the 
potential  cost  avoidance  resulting  from  the  use  of  GPS  rather  than  radars  for  weapon 
delivery. 

In  addition  to  the  airborne  radars,  there  is  a ground-based  radar  bombing  system 
currently  under  development  by  the  Air  Force-Ground  Directed  Bombing/Radar  Bomb 
Scoring  (GDB/RBS)  system.  This  system  would  be  used  to  vector  aircraft  to  the  target-and 
to  score  the  results.  These  functions  are  potentially  accomplished  more  effectively  with 
GPS. 
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The  positive  and  negative  aspects  of  the  use  of  GPS  for  the  weapon  delivery  function 
are: 

Positive  Aspects 

• The  weapon  delivery  accuracy  of  GPS  is  potentially  better  than  present  radars 
for  preplanned  strikes  against  targets  accurately  located  in  a GPS-based  coordi- 
nate system. 

• GPS  is  designed  to  be  relatively  immune  to  decoying  or  spoofing  counter- 
measures. 

• GPS  is  passive,  whereas  radar  is  detectable  by  enemy  defenses. 

• The  radars  are  among  the  most  costly  avionics  systems  to  acquire  and  maintain; 
thus,  potential  removal  of  a small  fraction  of  them  is  not  insignificant. 

Negative  Aspects 

• A strike  aircraft  using  GPS  has  no  capability  (without  continuous  target 
updating)  against  targets  of  opportunity;  advanced  radars  of  the  future  may 
have  such  a capability. 

• The  payoff  for  physical  or  electronic  attacks  against  GPS  would  be  increased  if 
GPS  is  the  primary  navaid  for  weapon  delivery. 

Costs  of  Bombing/Navigation  Radars.  The  cost  to  operate  and  maintain  all  of  the 
airborne  radars  with  a weapon  delivery  capability  is  approximately  $70  million  per  year. 
Roughly  10  percent  of  this  is  avoidable  if  the  two  current  radars  (APQ-102  and  ASB-16) 
that  are  used  only  for  weapon  delivery  are  phased  out.  These  estimates  are  believed  to  be 
conservatively  low.  As  noted  above,  a more  detailed  investigation  of  the  demonstrated  value 
of  the  additional  capabilities  of  multipurpose  radars  imy  indicate  that  the  additional 
functions  alone  do  not  justify  their  continued  use  in  view  of  the  cost.  If  this  is  found  to  be 
true,  the  potential  cost  avoidances  would  increase  accordingly  The  APQ-120  on  the  F-4E 
alone  would  provide  an  additional  10  percent  in  cost  avoidance. 

The  cost  data  are  based  on  continued  use  of  the  current  designs  in  future  aircraft  at 
$100,000  to  $150,000  per  system.  However,  the  development  of  EAR  and  the  use  of 
FLAMR  technology  will  result  in  systems  that  approach  $1  million  in  cost.  If  the  tech- 
nology and  related  tactics  are  successfully  developed,  these  systems  will  have  a capability 
against  targets  of  opportunity  that  cannot  be  duplicated  by  GPS.  Thus,  the  high  cost 
systems  would  not  be  potential  sources  of  cost  avoidance.  Neither  the  R&D  nor  the 
procurement  costs  of  these  advanced  systems  have  been  included  in  the  analysis.  However, 
the  GDB/RBS  procurement  and  support  costs  are  included.  The  estimates  for  the  GDB/RBS 
costs  are  $60  million  for  procurement  and  $3  million  for  annual  support. 

e.  Analysis  of  Cost  Avoidan-e  Potential 

Tab!'*  8 summarizes  the  estii  ited  costs  of  continuing  the  use  of  the  various  current 
navigation  systems  discussed  in  the  previous  sections.  The  estimates  are  based  on  a military 
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Table  8.  Summary  of  the  Cost  of  Continued  Use  of  Current  Navigation  Systems 
( Costs  in  Millions  of  1975  Dollars) 


User 

Reference 

Equipment 

System 

Additional  R&D 

System 

(per  year) 

(per  year) 

and  Procurement*' 

Enroute 

LORAN 

59.3 

10.0 

141.2 

TACAN 

28.6 

1.9 

120.0 

VOR/DME 

3.3 

2.1 1 

11.0 

OF 

11.5 

3.1 

OMEGA 

0.9 

unknown 

10.4 

Total  Enroute 

103.6 

17.1 

282.6 

Dopplers 

Redundant  Dopplers 

10.0 

- 

| 55.0 

Remaining  Dopplers 

23.5 

- 

Total  Dopplers 

33.5 

55.0 

Landing  Aids 

mm 

ILS 

12.0 

| 147.0 

PAR 

- 

Wm 

Total  Landing  Aids 

12.0 

25.5 

147.0 

Radars 

Bomb/Nav  Only 

7.0 

— 

— 

(APQ-102  & ASB-16) 
Bomb/Nav  Plus  Other 

62.0 

Functions 

GDB/RBSt 

— 

3.3 

60.0 

Total  Radars 

69.0 

3.3 

60.0 

'Total  plannarf  expenditures  for  new  "AN"  syitem*  prior  to  1960. 
tlncfudes  $600,000  for  VORTAC. 

{Ground  Di  roc  ted  Bombing/Radar  Bomb  Scoring  Systems. 


aircraft  and  ship  force  structure  through  1989,  developed  from  Service  planning  docu- 
ments,4 and  the  known  or  planned  navigation  suites  of  each  specific  platform  in  the  force. 
The  navigation  suites  of  new  aircraft  were  postulated  by  analogy  with  similar  current 
aircraft.  The  acquisition  and  annual  operating  costs  of  over  350  currently  installed  AN 
navigation  systems  were  based  on  specific  data  obtained  for  about  1 00  of  these  systems,  the 
latter  figure  representing  a major  fraction  of  all  installations  (see  Part  3,  Chapter  II). 
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Table  8 presents  the  average  values  of  annual  operating  costs  for  the  user  and  reference 
system  segments,  and  the  planned  new  R&D  and  procurements  for  current  systems  that  can 
potentially  be  replaced  by  GPS.  The  cost  avoidance  potential  represented  in  Table  8 totals 
about  $170  to  $255  million  per  year  for  annual  operating  cost  (depending  or,  whether  the 
single  Dopplers  and  all  radars  are  included  or  not)  and  $545  million  of  future  R&D  and  pro- 
curement of  current  systems.  The  enroute  systems  account  for  a significant  fraction  of  the 
totals,  or  about  $120  million  per  year  for  annual  operations  and  $285  million  for  R&D  and 
procurement.  Removal  of  redundant  Doppler  systems  would  avoid  costs  at  the  rate  of  $10 
million  per  year;  if  all  Dopplers  were  removed,  this  rate  would  increase  to  about  $35  million 
per  year.  The  annual  recurring  costs  for  the  landing  aids  are  approximately  $40  million  per 
year  plus  about  $145  million  for  procurement.  In  the  case  of  the  radars  that  are  used  only  for 
bombing,  navigation,  and  mapping,  the  recurring  costs  are  approximately  $7  million  per  year, 
or  10  percent  of  the  total  operations  cost  for  all  radars  in  this  category. 

For  the  most  part,  the  $545  million  of  future  equipment  expenditures  represents 
replacements  for,  or  alternatives  to,  equipment  already  available  whose  functions  are  also 
potentially  satisfied  by  GPS.  The  major  questionable  cases  are  the  new  landing  aids  that 
have  been  discussed  earlier  and  the  advanced  radars  for  which  no  cost  avoidance  potential  is 
credited.  The  motivation  lies  in  the  need  for  improvements  in  performance  or  operating  cost 
over  current  operational  systems.  If  the  procurement  of  any  of  these  systems  were  lialted  in 
the  anticipation  of  GPS,  then  an  additional  period  of  dissatisfaction  on  the  part  of  the  user 
would  result  unless  the  GPS  IOC  is  about  the  same.  The  lOCs  for  these  systems  are  no  later 
than  1980  (except  for  MLS,  whose  IOC  date  has  not  been  set),  and  the  IOCs  for  GPS  are 
1981  and  1984  for  the  two-dimensional  and  three-dimensional  global  systems,  respectively. 
This  indicates  that  an  approximate  parallelism  in  schedule  exists.  Realistic  acceleration  of 
the  GPS  schedule  would  engender  some  confidence  in  the  user  that  his  needs  will  be 
fulfilled.  Conversely,  the  always  present  possibility  of  slippage  in  the  GPS  schedule  will 
result  in  a hesitancy  to  halt  procuremer ;.  Unfortunately  most  of  the  programs  are  in  the 
early  procurement  stages,  and  any  delay  in  the  decision  to  halt  reduces  the  avoidable 
expenditures.  Although  the  planning  for  these  programs  is  in  a continuously  changing  state, 
it  appears  that  a 2-year  delay  in  the  decision  could  negate  most  of  the  potential  savings. 

2.  GPS  Costs 

The  cost  of  providing  the  space  and  user  segments  of  GPS  has  been  computed  in  a 
manner  similar  to  that  described  in  the  previous  section.  In  general,  the  input  data  to  the 
cost  model  for  GPS  are  based  on  information  obtained  from  the  GPS  JPO.  The  develop- 
ment of  these  cost  estimates  is  described  in  detail  in  Part  3,  Chapter  II. 

a.  Cost  of  Equipping  Aircraft  and  Ships 

Table  9 summarizes  the  initial  procurement  and  annual  recurring  cost  estimates  of  the 
GPS  space  and  control  segments,  and  the  user  equipment  installed  on  approximately  23,000 
military  aircraft  and  ships.  The  cost  range  shown  for  some  of  the  entries  in  the  table 
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Table  9.  Summary  of  GPS  System  Costs  To  Equip  23,000  Military 
Aircraft  and  Naval  Ships 
( Costs  in  Millions  of 1975  Dollars) 


Space  and  Control  Segments 
RDT&E 
Initial  Costs 
Annual  Costs* 


User  Equipment 
Initial  Costst 
Annual  Costs* 


12-Satellite  System 
(Cases  1 and  2) 


315-630 

18-36 


24-Satellite  System 
(Cases  3 and  4) 


598-1196  656-1332 


40-80 


44-88 


*0&M  and  equipment  replacement. 

tlnltiel  procurement  end  installation  of  hardware,  spares  and  spare  parts. 

Note:  Lower  values  of  the  ranges  are  based  on  data  provided  by  the  JPO.  Higher  values  represent 
possfcle  increased  costs  as  noted  in  the  text. 


indicates  the  potential  impact  of  uncertainties  in  two  key  cost  estimating  parameters.  The 
lower  values  of  the  cost  ranges  (and  the  fixed  cost  entries)  are  based  on  cost  parameter 
information  obtained  from  the  GPS  JPO.  The  upper  values  of  annual  costs  for  the  space 
and  control  segments  reflect  the  uncertainty  in  the  satellite  lifetime  (e.g.,  the  space  clocks) 
and  is  based  on  varying  the  satellite  MTBF  from  5.5  to  4 years.  The  range  of  uncertainty 
associated  with  the  user  segment  represents  an  arbitrary  doubling  of  the  estimated  unit 
equipment  costs-not  an  unusual  occurrence  in  system  development  programs. 

All  GPS  costs  are  identical  for  Cases  1 and  2.  The  space  segment  costs  of  $530 
million  for  RDT&E  and  initial  procurement,  and  about  $70  to  $85  million  ner  year  for 
operations  (primarily  satellite  replacement),  are  based  on  a 12-satellite  constellation.  This 
constellation  is  expected  to  be  adequate  for  the  two-dimensional  worldwide  enroute  naviga- 
tion needs  postulated  for  Cases  1 and  2.  It  will  also  provide  a daily  window  (1  to  3 hours) 
over  CONUS  (and  adjacent  ocean  areas)  for  testing  new  applications  requiring  the  high 
accuracy,  three-dimens, onal  capability  of  GPS.  The  ranges  of  user  costs  to  outfit  23,000 
platforms  with  low  cost  user  equipment  are  $315  to  $630  million  for  initial  procurement, 
and  $18  to  $36  million  per  year  for  operations. 

Cases  3 and  4 assume  the  Full  Operational  Capability  (FOC)  of  the  projected 
24-sate!lite  constellation  to  obtain  the  higher  accuracy  and  the  three-dimensional  capability 
needed  for  landing  and  weapon  delivery  operations.  This  is  reflected  by  the  higher  space 
segment  costs-about  $765  million  for  initial  procurement  and  $125  to  $160  million  per 
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year  for  operations.  User  equipment  costs  (23,000  users)  are  also  higher  than  for  Cases  ! 
and  2 since  receivers  capable  of  providing  the  higher  accuracy  position  estimates  are  more 
expensive.  In  addition,  the  user  equipment  costs  for  Case  4 are  higher  than  Case  3 because 
of  the  necessity  to  provide  higher  antijam  margin  receivers  to  the  weapon  delivery  platforms 
in  Case  4 (about  5,500  platforms).  The  ranges  of  user  costs  for  the  23,000  users  are:  $600 
to  $1,200  million  initial  procurement  and  $40  to  $80  million  per  year  operations  for  Case 
3,  and  $665  to  $1,330  million  initial  procurement  and  $44  to  $88  million  per  year 
opera  dons  for  Case  4. 

In  summary,  the  total  initial  cost  for  Cases  1 and  2 is  about  $0.85  to  $1.16  billion; 
fur  Cases  3 and  4,  $1.4  to  $2.1  billion  (about  70  percent  higher).  The  total  operations  costs 
are  approximately  $90  to  $125  million  per  year  for  Cases  1 and  2,  and  about  $170  to  $245 
million  per  year  for  Cases  3 and  4 (about  100  percent  higher). 

b.  Costs  To  Equip  Ground  Forces  With  GPS 

Since  the  ground  forces  are  not  traditional  users  of  sophisticated  positioning  systems, 
there  is  no  historical  basis  for  determining  the  number  of  GPS  equipment  needed.  The  most 
recent  analysis  of  rhis  question  is  the  Army  PGS/NAV  Study.*  Updating  this  study  to 
reflect  the  projected  FY  1982  active  ground  force  structure  (1975  FYDP)  leads  to  a total 
issue  of  8,600  sets  for  use  as  manpacks  and  for  mounting  on  vehicles.  This  quantity  of 
equipment  is  somewhat  higher  than  that  developed  in  the  POS/NAV  Study  and  reflects  the 
inclusion  of  nondivisional  elements  and  an  increase  of  three  in  the  number  of  active  Army 
divisions.  The  estimated  cost  for  the  8,500  manpacks  is  about  $150  million  for  initial 
procurement  and  $14  million  per  year  for  operations  (see  Part  3,  Chapter  II.  for  further 
discussion). 

3.  Assessment  of  Options  and  Net  Cost  Avoidance 

This  section  discusses  the  more  favorable  options  among  the  four  cases  previously 
presented  from  the  point  of  view  of  net  cost  avoidance.  Net  cost  avoidance,  as  defined  in 
this  study,,  is  the  cost  of  continuing  to  use  and  support  the  current  navigation  systems 
(Table  8)  less  the  costs  of  providing  the  global  services  of  GPS  (Table  9). 

Two  sequential  courses  of  action  for  the  GPS  program  appear  open  at  this  time.  The 
first  would  combine  the  cost  avoidance  potentials  of  Cases  1 and  2 and  provide  a worldwide 
GPS  of  Limited  Operational  Capability  (LOC)  for  enroute  navigation;  the  second  would 
avoid  all  current  systems  costs  (Cases  1 through  4)  and  provide  a worldwide  GPS  of  Full 
Operational  Capability  (FOC)  potentially  capable  of  satisfying  many  additional  military 
applications.  These  options  and  their  implications  are  discussed  below. 


5.  Army  POS/NAV  Systems  Special  Task  Force,  Positioning  and  Navigation  Systems  Cost  Effectiveness  Study.  August 
1973,  CONFIDENTIAL. 
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a.  LOC  Option 

The  provision  of  a two-dimensional  worldwide  GPS  would  allow  the  phasing  out  by 
the  military  of  systems  discussed  in  Cases  1 and  2 (i.e.,  LORAN,  TACAN,  VOR/DME,  DF, 
OMEGA,  TRANSIT,6  and  Doppler  navigators).  The  key  steps  in  implementing  this  option 
are:, 

(1)  Provision  of  a sufficient  number  of  satellites  (12  to  15)  to  ensure  a global 
two-dimensional  navigation  capability  on  the  order  of  200  meters  and  a daily 
“window”  (1  to  3 hours)  for  the  testing  of  new  applications  and  systems 
requiring  high  accuracy  and  three-dimensional  information. 

(2)  Development  of  low  cost  user  equipment  ($10,000)  to  replace  the  above  listed 
navigation  systems  in  the  vast  majority  of  military  platforms. 

(3)  Planning  the  efficient  removal  of  current  enroute  systems  when  GPS  space  and 
user  equipment  segments  are  available. 

(4)  Closely  monitoring  the  progress  of  GPS  user  equipment  development  In  order 
to  maximize  the  potential  cost  avoidance  of  new  R&D  and  procurement  of 
current  systems. 

(5)  Continuing  the  study,  development,  and  testing  of  GPS  user  equipment  for  high 
accuracy  applications  such  as  coordinate  bombing,  midcourse  guidance  of  tacti- 
cal and  strategic  weapons,  instrument  landing  of  aircraft,  etc.  These  weapon 
delivery  and  aircraft  landing  applications  will  need  long  lead  time  for  develop- 
ment, and  subsequent  acceptance  by  the  user  commands. 

This  course  of  action  represents  the  least  risk  since  (1)  the  impact  of  unforeseen 
development  problems  in  the  satellites  (e.g.,  the  space  clocks)  would  be  reduced  by  the 
smaller  constellation,  (2)  the  current  enroute  systems  represent  the  bulk  of  the  potential 
cost  avoidance,  and  (3)  the  applications  of  GPS  to  other  military  missions  may  proceed  at  a 
pace  consistent  with  efficient  use  of  RDT&E  resources  and  acceptance  by  the  user 
commands. 

The  net  cost  avoidance  potential  for  this  option  may  be  determined  from  the  cost 
estimates  presented  in  Tables  8 and  9.  If  the  enroute  and  self-contained  Dopplers  are 
removed,  the  cost  avoidance  potential  is  $131  million  per  year  for  the  redundant  Doppler 
case  and  $154  million  per  year  if  all  Dopplers  are  removed.  In  addition,  a potential  of 
avoiding  $338  million  of  new  R&D  and  procurement  exists  for  these  systems.  The  estimates 
of  GPS  costs  for  space  and  control  segments  and  user  equipment  are:  $850  to  $1,200 
million  for  RDT&E  and  initial  investment,  and  $90  to  $125  million  per  year  for  operations 
(where  the  previously  discussed  ranges  of  GPS  cost  uncertainties  are  used). 

These  .ranges  of  GPS  cost,  as  well  as  the  corresponding  costs  for  the  current  systems, 
are  shown  in  Figure  1 as  a function  of  years  after  IOC.  If  the  present  goals  for  GPS  costs 


6.  Although  TRANSIT  is  not  truly  an  enroute  navigation  system  by  itself,  it  would  certainly  be  phased  out  with  the 
advent  of  GPS. 
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are  met  (lower  edge  of  GPS  cost  range  in  Figure  1)  and  enroute  plus  all  Dopplers  are 
removed,  the  initial  cost  of  GPS  would  be  amortized  in  8 to  13  years  depending  on  the 
fraction  of  new  procurements  of  current  systems  that  would  be  avoided.  If  only  the 
redundant  Dopplers  are  removed,  this  break-even  range  shifts  to  12  to  20  years.  However,  if 
the  GPS  costs  were  to  shift  to  the  upper  range  of  values,  all  break-even  points  would 
become  unreasonably  large  (i.e.,  much  greater  than  20  years).  The  sensitivity  of  these  results 
to  reasonable  changes  in  costs  emphasizes  the  importance  of  achieving  the  low  cost  goals  for 
GPS  equipment  if  future  cost  savings  are  to  result. 

b.  FOC  Option 

This  option  includes  all  the  potential  cost  avoidances  of  the  previous  option,  plus 
four  additional  steps: 

(1)  The  need  for  early  establishment  of  the  full  24-satellite  constellation. 

(2)  Development  and  production  of  both  enroute  and  high  accuracy  GPS  user 
equipment  for  a large  number  of  applications  and  users. 

(3)  Removal  of  current  landing  aids  and  about  10  percent  of  the  current  weapon 
delivery  radars. 

(4)  Cancellation  of  programs  for  landing  aids  and  the  GDB/RBS  radars. 

Hie  cost  estimates  for  this  option  may  be  obtained  from  Table  8 by  summing  the 
cost  avoidance  potentials  for  the  four  cases  and  from  Table  9 for  the  24-satellite  configura- 
tion (Case  4). 

Realistically,  one  can  only  plan  on  removing  the  bombing/navigation  radars  that  are 
used  exclusively  for  bombing  at  this  time.  In  this  case,  the  estimate  of  cost  avoidance  for 
operations  is  $200  million  per  year  if  all  Dopplers  are  phased  out  (only  about  30  percent 
higher  than  the  LOC  option).  The  total  potential  for  avoidance  of  new  R&D  and  procure- 
ment costs  for  current  systems  is  $545  million  (or  60  percent  higher  than  the  LOC  option). 
The  ranges  of  GPS  costs  for  this  option  are  $1.4  to  $2.1  billion  for  R&D  and  initial 
investment  (about  70  percent  higher  than  the  corresponding  LOC  costs),  and  $170  to  $245 
million  per  year  for  operations  (about  100  percent  higher). 

It  would  take  about  25  years  to  amortize  the  much  higher  initial  GPS  investment  for 
the  lower  end  of  the  GPS  cost  estimates  for  this  option.  If  the  high  end  of  the  GPS  cost 
ranges  were  to  apply,  then  GPS  operations  costs  would  become  greater  thnn  the  potential 
savings  in  the  operations  costs  of  current  systems,  and  break-even  points  would  cease  to 
exist. 

The  risks  for  this  option  appear  appreciably  greater  than  those  for  the  option 
previously  discussed.  First,  the  more  rapid  development  of  new  applications  and  user 
equipments  required  for  this  plan  runs  the  risk  of  increasing  the  costs  and  reducing  the 
acceptability  of  the  developed  systems  to  the  users.  Second,  the  potential  real  payoff  for 
this  option  does  not  accrue  from  cost  avoidance,  but  rather  from  the  future  applications  of 
GPS  to  new  weapon  systems  to  increase  operational  effectiveness,  and  to  combined 
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operations  of  large  task  forces  to  improve  the  command  and  control  functions.  However, 
these  new  applications  of  GPS  are  in  an  embryo  stage  at  present,  and  it  may  take  10  to  15 
years  to  bring  them  to  fruition  and  gain  their  acceptance  by  the  user  commands.  In  the 
interim,  therefore,  it  should  not  be  necessary  to  carry  the  added  cost  of  the  additional 
satellites  needed  to  achieve  the  FOC. 

4.  Potential  Impact  of  Advances  in  Digital  Large  Scale  Integration  (LSI)  Technology  on 

User  Equipment  Costs 

The  stringent  size,  weight,  and  power  specifications  of  manpack  user  equipment  drive  its 
design  to  extensive  use  of  micro-electronics.  The  further  considerations  of  modularity  and 
commonality  across  all  user  equipment  imply  a similar  use  of  micro-electronics  for  all  mission 
equipment.  Micro-electronics  is  currently  experiencing  a rapid  rate  of  technological  advance 
centered  on  increasing  densities  and  digital  clock  rates  attainable  through  the  use  of  bipolar 
LSI  devices.  In  order  to  estimate  the  cost  impact  of  these  advances,  the  study  group  adopted  a 
manpack  design  concept,  formulated  by  the  current  user  equipment  development  contractor, 
which  employs  extensive  current  technology  micro-circuitry.  The  study  group  then  formulated 
modifications  to  this  design  concept  based  on  the  potential  capabilities  of  future  LSI  devices. 

Both  design  concepts  are  at  a functional  diagram  ievel  and  consist  of  little  more  than 
counts  of  major  components  (e.g.,  thin-film  boxes,  LSI  chips)  and  identification  of  their 
functions  (e.g.,  frequency  multiplier,  IF  rvitch).  The  significant  design  difference  is  the 
extent  of  digital  signal  processing;  the  significant  cost  difference  lies  in  the  decrease  in 
receiver  complexity  and  component  count  associated  with  early  signal  digitalization.  These 
estimates,  however  gross,  establish  a high  probability  of  significant  cost  advantages  accruing 
from  the  advancing  technology.  Further  discussion  of  the  design  concepts  and  cost  estimates 
are  contained  in  Part  3,  Chapter  II,  and  in  Appendix  C. 

Figure  2 displays  the  reduction  of  user  equipment  cost  with  increasing  quantities  of 
production  for  both  the  current  and  advanced  technology  designs.  The  crossover  point  is 
the  result  of  higher  nonrecurring  and  lower  recurring  production  costs  associated  with  the 
advanced  system.  Past  the  crossover,  the  curves  diverge  continuously  as  the  result  of 
assumptions  regarding  rates  of  cost  reduction  for  the  several  types  of  components  and 
subsystems  composing  the  receivers. 

In  the  range  of  interest  (20,000  to  60,000  units),  the  average  cost  of  installed 
hardware  for  the  advanced  system  is  roughly  one-half  that  of  the  near-future  system.  If  a 
buy  of  50,000  units  were  anticipated,  the  estimated  difference  in  procurement  cost  of 
installed  equipment  would  be  close  to  $0.5  billion. 

Granting  that  definitive  designs  do  net  exist  and  that  there  is  a high  degree  of 
uncertainty  surrounding  the  capabilities  of  high  density/high  speed  LSI,  this  difference 
appears  to  be  significant,  and  a small  fraction  of  this  would  support  an  extensive  develop- 
ment and  evaluation  effort.  It  suggests  a potentially  large  payoff  to  an  early  and  thorough 
investigation  of  high  density  LSI  capabilities  in  GPS-type  applications.  Further,  early 
investigation  and  development  of  the  technology  would  remove  a significant  degree  of 
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Figure  2.  Average  Total  Hardware  Costs 


uncertainty  in  the  program  and  offer  additional  savings  of  costs  associated  with  the 
development  of  competitive  navigation  equipments.  It  should  be  recognized  that  the  scope 
of  such  a thorough  investigation  is  broad  and  encompasses  questions  of  efficient  production 
methods  and  quantities;  rational  policies  regarding  the  tradeoffs  between  reliability  stand- 
ards, maintenance  philosophies,  and  costs;  and  contracting  procedures.  The  recent  JPO 
awards  of  alternative  user  equipment  development  contracts  carry  a significant  potential  for 
reducing  a wide  range  of  the  uncertainties  surrounding  both  user  equipment  capabilities  and 
costs. 

5.  Other  New  Position  Fixing  Systems 

In  addition  to  GPS,  the  Services  are  developing  three  new  systems  that  have  a 
potential  for  providing  a navigation  and  position  fixing  service:  the  Precision  Emitter 
Location  and  Strike  System  (PELSS),  the  Joint  Tactical  Information  Distribution  System 
(JTIDS),  and  the  Position  Location  and  Reporting  System  (PLRS).  The  primary  purposes  of 
these  systems  are  only  indirectly  related  to  navigation.  PELSS  is  designed  to  locate 

32 


UNCLASSIFIED 


UNCLASSIFIED 


electronic  emitters  and  guide  strike  weapons  to  these  emitters;  JTIDS,  to  provide  secure 
communications;  and  PLRS,  to  provide  the  locations  of  combat  elements  to  the  force 
commanders  for  command  and  control.  Because  of  tire  way  in  which  these  primary 
functions  are  accomplished,  all  three  systems  would  also  be  used  for  navigation  and  position 
fixing  over  limited  distances  (up  to  roughly  300  miles). 

In  the  case  of  PELSS  and  JTIDS,  additional  equipment  would  be  required  to  provide 
navigation  service.  For  PLRS,  the  navigation  function  is  included  in  the  basic  design.  The 
functions  that  stimulated  these  developments  cannot  be  performed  by  GPS.  For  this  reason 
none  of  the  systems  are  considered  in  detail  in  this  study.  Nevertheless,  there  are  potential 
interactions  between  GPS  on  one  hand  and  PELSS,  JTIDS,  and  PLRS  on  the  other.  The 
most  obvious  one  arises  from  each  of  these  being  a relative  navigation  system-that  is,  all 
position  information  is  relative  to  some  arbitrary  and  possibly  moving  origin.  The  availa- 
bility of  GPS  would  permit  referencing  these  “nets”  to  the  fixed  GPS  origin,  thus 
facilitating  interoperability.  Other  less  obvious  interactions  may  exist.  As  an  example,  GPS 
could  serve  as  an  alternative  to  the  DME  guidance  system  currently  proposed  in  PELSS  for 
tracking  the  airborne  platforms  and  guiding  the  weapons.  The  PELSS  Project  Office  is 
considering  GPS  as  the  positioning  system  for  the  platforms.  At  the  present  time,  DME  is 
the  favored  weapon  guidance  technique,  primarily  because  of  the  greater  expected  jam 
resistance  of  DME  (however,  JTIDS  is  also  being  considered).  Coordination  of  these 
development  programs  with  GPS  is  necessary  to  help  ensure  that  the  interactions  arc 
accounted  for  and  that  the  benefits  of  combined  use  are  recognized  and  utilized. 

B.  TASK  2:  OPERATIONAL  DEMONSTRATIONS 

Seven  operational  demonstrations  to  illustrate  the  utility  of  GPS  for  military  applica- 
tions have  been  identified.1  A description  of  each  of  these  demonstrations  has  been 
developed  and  reviewed  with  the  Service  agency  having  doctrinal  responsibility  for  the 
position  fixing  or  navigation  problem  area  being  addressed.  The  proposed  demonstrations 
and  the  reviewing  Service  agencies  are  shown  in  Table  10. 

Each  of  the  operational  demonstrations  is  discussed  below.  The  discussions  include  a 
description  of  the  position  fixing  and/or  navigation  problems  forming  the  basis  for  the 
demonstration,  a summary  of  the  scenario  describing  the  proposed  demonstration  (with 
emphasis  on  the  areas  where  GPS  would  be  used)'  and  the  major  measures  .that  could  be 
used  to  determine  the  improvement  brought  about  by  the  use  of  GPS.  It  should  be 
emphasized  that  the  proposed  demonstrations  are  rot  operational  tests  but  rather  vehicles 
to  illustrate  the  utility  of  GPS  for  military  applications.  Furthermore,  the  descriptions  have 
been  developed  to  present  the  concepts  of  the  demonstrations  rather  than  detailed  plans. 


Recently  received  date  indicate  that  GPS  might  be  used  to  significantly  improve  the  effectiveness  of  certain  ASW 
operations.  However,  these  data  were  received  too  late  to  be  used  in  this  study. 
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Table  10.  Proposed  Operational  Demonstrations 


Operational  Demonstration 

Reviewing  Service  Agency 

Aerial  Assault 

Infantry  School,  Ft.  Benning 

Aircraft  Approach  and  Landing 

Tactical  Air  Command,  Langley  AFB 

Amphibious  Operations 

Commander  Amphibious  Group-Two, 
USS  Mount  Whitney 

Attack  Helicopter  Operations 

Armor  School,  Ft.  Knox 

Close  Air  Support 

Tactical  Air  Command,  Langley  AFB 

Forward  Observer  and  Artillery 
Operations 

Artillery  School,  Ft.  Sill 

Photoreconnaissance  and 
Coordinate  Bombing 

Tactical  Air  Command,  Langley  AFB;  and  Marine 
Tactical  Reconnaissance  Squadron  Three, 
MCAS,  E!  Toro  \ 

1.  Air  Assault 

A basic  aim  of  an  air  assault  operation  is  to  land  troop-carrying  helicopters  at 
assigned  landing  zones  in  the  objective  area,  at  tne  appointed  times,  with  appropriate 
artillery  and  air  cover.  Aerial  assaults  are  usually  large  operations,  and  several  different 
routes  are  used  by  the  helicopters  to  reach  the  objective  area.  A number  of  helicopter 
flights  may  be  spaced  along  each  route.  Artillery  support  and  air  cover  must  be  provided  for 
each  of  these  flights. 

In  an  air  assault  operation,  the  scout  helicopters,  troop-carrying  helicopters,  and  close 
air  support  aircraft  rely  on  maps  and  compasses  for  navigation.  This  method  is  very  difficult 
to  employ,  especially  while  flying  nap-of-the-earth  (as  current  do'ctrine  requires  when  in  the 
forward  area  of  the  division  or  in  hostile  territory).  In  addition,  the  coordination  of  the 
helicopter  flights,  air  cover  and  artillery  support,  and  the  landing  of  troops  in  the  objective 
area  is  a major  problem.  The  coordination  problem  becomes  even  worse  with  reduced 
visibility,  when  enemy  forces  are  discovered  along  any  o»  the  routes  to  the  objective  area, 
or  when  the  ground  forces  must  be  disengaged  and  redeployed  against  a subsequent 
objective.  Furthermore,  current  procedure  requires  that  pathfinders  be  inserted  into  the 
objective  area  ahead  of  the  main  assault  to  guide  the  troop-canying  helicopters  to  the 
landing  zones.  This  may  provide  the  enemy  with  an  early  warning  of  an  impending  assault. 

In  the  proposed  air  assault  demonstration,  an  infantry  force  would  be  assigned  the 
task  of  taking  an  objective  in  ener.i;’  territory.  The  force  would  be  moved  by  helicopter 
from  the  assembly  area  to  the  landing  zones  in  the  objective  area.  GPS  equipment  would  be 
used  for  position  fixing  and  navigation  throughout  the  operation,  as  described*  in  the 
following  paragraphs. 
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The  lead  helicopter  of  each  flight  would  be  equipped  with  a GPS  set,  which  would 
contain  the  waypoints  defining  the  route  to  be  used  to  reach  the  objective  area.  These 
waypoints  would  be  used  to  guide  the  troop-carrying  helicopters  (whicti  maintain  visual 
contact  with  the  lead  helicopter)  over  the  route  and  to  the  assigned  landing  zone.  The 
current  doctrine  of  flying  nap-of-the-earth  when  in  the  forward  area  of  the  division  or  in 
hostile  territory  would  be  followed. 

The  aircraft  providing  air  cover  and  the  batteries  providing  artillery  support  for  the 
enroute  assault  force  would  use  GPS  sets  and  coordinates  provided  by  the  GPS-equipped 
helicopters  to  furnish  fire  support.  If  enemy  resistance  could  not  be  neutralized  within  the 
allotted  time,  the  assault  force  flights  would  be  rerouted  around  the  ef»emy  areas.  Way- 
points, defined  in  GPS  coordinates,  would  be  used  to  coordinate  the  new  routes  with  both 
the  assault  force  and  support  teams. 

Once  landed  in  the  objective  area,  troops  from  the  assault  force  wodld  use  Jheir  GPS 
manpacks  to  navigate  to  their  assigned  objective.  They  would  also  use  thezr  GPS  equipment 
to  help  determine  the  coordinates  of  enemy  areas  for  which  the  assault  t orce  requires  fire 
support  from  the  air  cover  or  artillery  teams.  The  support  aircraft  and  artillery  batteries 
would  use  these  coordinates  in  providing  the  desired  fire  support. 

To  determine  the  improvement  in  the  performance  of  aerial  assault  operations  using 
GPS  as  compared  to  operations  using  the  current  means  of  position  fixing  and  navigation, 
certain  measures  of  effectiveness  have  been  established.  These  include  the  improved  ability 
of  the  air  assault  force  io  navigate  while  flying  nap-of-the-earth  and  the  improved  ability  to 
locate  the  designated  landing  zones  in  the  objective  area. 

Another  measure  of  effectiveness  would  be  the  reduction  in  the  susceptibility  of  the 
helicopters  to  enemy  tire.  This  reduction  would  be  brought  about  by  sclenting  terrain  that 
would  facilitate  nap-of-the-earth  flying  and  enhance  the  ability  to  provide  effective  artillery 
and  air  support.  (With  current  navigation  and  position  fixing  methods,  the  selection  is 
determine  1 chiefly  by  “how  good”  the  terrain  is  for  visual  navigation.) 

A third  measure  would  be  the  time  and  effort  required  to  coordinate  the  fire  support 
for  the  assault  force  while  it  is  enroute  to  the  objective  area  and  while  i*  is  engaged  with 
the  enemy.  Finally,  the  measures  would  include  the  reduction  in  the  time  and  effort 
required  to  reroute  the  assault  force  around  enemy  concentrations  that  could  not  be 
suppressed  and  to  coordinate  this  rerouting  with  the  fire  support  teams. 

2.  Aircraft  Approach  and  Landing 

There  is  no  method  currently  available  or  under  development  tl"»at  will  allow  an 
aircraft  to  make  an  instrument  approach  to  an  airfield  that  is  not  equipped  with  extensive 
ground-based  equipment.  Furthermore,  present  procedures  require  a considerable  amount  of 
ground  survey  work  and  ground  equipment  setup  time  to  provide  an  instrument  approach 
capability  at  a new  airfield. 
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In  the  proposed  aircraft  approach  and  landing  demonstration,  aerial  surveys  of  the 
approach  and  landing  areas  would  be  made  by  an  aircraft  equipped  with  a GPS  receiver. 
These  aerial  surveys  would  be  used  to  develop  IFR  approach  procedures.  Then  aircraft 
equipped  with  GPS  sets  could  conduct  nonprecision  approaches  without  the  aid  of  any 
ground  support  equipment.8 

Category  I precision  approaches  would  be  performed  by  using  a differential  system.9 
In  this  system,  a second  GPS  set  would  be  placed  near  the  desired  touchdown  position  on 
the  runway.  Position  data  from  this  set  would  be  sent  to  the  approaching  aircraft  so  that 
the  difference  between  the  two  readings  could  be  determined.  This  should  provide  the 
increase  in  accuracy  required  for  a Category  I precision  approach  (see  Part  3,  Chapter  I). 

The  measures  of  effectiveness  of  GPS  over  current  instrument  landing  systems  include 
the  reduction  in  the  time  and  effort  required  to  develop  instrument  approach  procedures 
and  to  prepare  an  airfield  to  support  nonprecision  and  Category  1 precision  approaches. 

3.  Amphibious  Operations 

In  an  amphibious  operation,  the  objective  is  to  land  the  assault  force  in  such  a way 
that  each  element  reaches  its  assigned  objective  at  the  specified  time.  Each  wave  of  landing 
craft  or  amphibious  vehicles  is  guided  to  shore  by  a launch  or  control  ship.1 0 Even  in  good 
weather,  coordination  of  the  landing  and  deployment  of  an  assault  force  on  unfamiliar 
terrain  under  enemy  fire  are  major  problems;  these  problems  are  greatly  increased  by 
adverse  weather,  darkness,  or  smoke.  Weather  and  darkness  also  adversely  affect  the  ability 
of  (1)  the  task  force  to  locate  the  Amphibious  Objective  Area  and  (2)  the  mine  sweepers  to 
locate  and  clear  the  designated  channels. 

In  the  proposed  demonstration,  the  amphibious  task  force  would  use  GPS  receivers  to 
navigate  to  the  Amphibious  Objective  Area  and  to  define  all  channels,  landmarks,  etc.,  in 
the  area.  For  example,  channels  for  moving  the  troops  and  supplies  ashore  would  be  defined 
in  GPS  coordinates.  These  coordinates  would  be  used  by  minesweepers  to  clear  the  channels 
and  by  ships  to  navigate  through  the  cleared  channels  to  their  assigned  launch  or  landing 
areas.  Each  wave  of  landing  craft  or  amphibious  vehicles  would  also  be  equipped  with  GPS 
receivers,  which  would  be  used  to  guide  the  wave  ashore  in  all  types  of  weather  or  under 
the  cover  of  smoke.  The  launch  or  control  ships  that  currently  guide  the  waves  ashore  could 
be  eliminated.  Once  ashore,  the  amphibious  vehicles  and  ground  troops  would  use  their  GPS 
receivers  to  navigate  to  their  assigned  positions. 

The  measures  of  effectivensss  of  GPS  in  amphibious  operations  would  include  the 
reduction  in  the  susceptibility  of  the  landing  force  to  enemy  fire  through  the  use  of  smoke. 


8.  The  most  stringent  position  fixing  requirement  for  nonprecision  approaches,  as  shown  in  Fart  3,  Chapter  I,  Table  11, 
is  the  40-meter  (2o)  vertical  accuracy  required  at  Trie  outer  marker.  This  is  well  within  the  GPS  capability. 

9.  The  most  stringent  position  fixing  requirement  for  Category  1 approaches,  as  shown  in  Part  3,  Chapter  I,  Table  11,  is 
the  S-meter  (2o)  vertical  accuracy  required  at  the  middle  marker. 

10.  Landing  craft  and  amphibious  vehicles  have  no  navigational  capability  except  for  maps  and  compasses. 
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darkness,  and  weather  to  cover  the  assault.  Qther  measures  include  the  reduction  in  the 
effort  required  to  coordinate  the  elements  of  the  assault  in  such  a manner  that  the  attack 
develops  as  planned,  the  reduction  in  the  effort  required  by  the  task  force  to  locate  the 
Amphibious  Objective  Area  and  prespecified  points  within  the  area,  and  the  reduction  in 
the  effort  required  to  define  and  clear  the  mines  from  the  channels. 

4.  Attack  Helicopter  Operations 

In  conducting  attack  helicopter  operations,  the  helicopter  crews  currently  rely  on 
maps  and  compasses  for  navigation.  This  is  a difficult  method  with  which  to  navigate  while 
flying  nap-of-the-earth-the  procedure  helicopters  must  adhere  to  when  flying  in  the  forward 
area  of  the  division  and  while  in  hostile  territory.  With  this  procedure,  the  crew  of  the 
scout  helicopter  must  be  very  familiar  with  both  map  and  terrain.  In  addition,  once  the 
enemy  targets  have  been  located,  the  scout  helicopter  must  fly  back  to  the  attack  helicopter 
holding  area  and  lead  the  attack  helicopters  to  their  attack  positions.  This  is  a time- 
consuming  procedure  and  causes  the  scout  helicopter  crew  to  lose  contact  with  the  enemy. 

In  the  proposed  attack  helicopter  demonstration,  both  the  scout  and  the  attack 
helicopters  would  fly  nap-of-the-earth  using  GPS  as  their  primary  navigation  aid.  The  scout 
helicopter  crew  would  use  GPS  to  help  determine  the  coordinates  of  the  targets  and  the 
pop-up  points  from  which  they  should  be  attacked.  The  scout  helicopter  would  also 
determine  the  GPS  coordinates  defining  the  route  that  the  attack  helicopters  should  use  to 
move  from  their  holding  area  to  the  pop-up  points.  Attack  helicopters  would  use  these  data 
to  move  to  the  pop-up  points  and  to  engage  the  targets.  The  scou;  helicopter  would  be  free 
to  remain  in  the  attack  area  to  provide  local  fire  support  for  the  attack  helicopters  or  to 
search  for  additional  targets. 

The  measures  of  effectiveness  of  the  improvement  provided  by  GPS  include  the 
increased  ability  to  navigate  while  flying  nap-of-the-earth,  the  reduction  in  the  exposure 
time  of  the  scout  helicopter  brought  about  by  the  decrease  in  the  time  required  to  locate 
targets  and  hand  them  off  to  the  attack  helicopters,  and  the  reduction  in  time  required  for 
the  attack  helicopters  to  respond  to  the  attack  request  (this  last  measure  is  possible  because 
the  time  currently  required  for  the  scout  helicopter  to  fly  back  and  locate  the  rendezvous 
area  would  be  eliminated). 


5.  Close  Air  Support 

One  of  the  major  problems  in  close  air  support  (CAS)  is  the  handoff  of  the  target 
from  the  ground-based  Forward  Air  Controller  (FAC)  to  the  attack  aircraft.  The  source  of 
the  problem  is  the  lack  of  a satisfactory  method  to  cue  the  target  acquisition  sensor 
(electro-optical  or  eye)  in  the  CAS  aircraft  to  the  target  area. 

In  the  proposed  demonstration,  both  the  FAC  and  *he  attack  aircraft  (using  either 
ballistic  or  guided  weapons)  would  be  equipped  with  GPS  receivers.  The  FAC  would  use  his 
GPS  equipment  to  help  determine  the  GPS  coordinates  of  the  target  (either  fixed  or  slowly 
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moving).1 1 These  coordinates  would  then  be  provided  to  the  attack  aircraft  and  entered 
into  its  GPS  equipment.  The  aircraft’s  GPS  equipment  and  inertial  system  would  then 
provide  steering  signals  to  the  electro-optical  target  acquisition  sensor,  if  available,  or  to  the 
Heads  Up  Display  (HUD)  if  visual  acquisition  were  being  used.  These  steering  signals  would 
be  used  to  drive  the  sensor’s  field  of  view  (or  the  HUD’s  cursor)  toward  the  target  area.  The 
pilot,  therefore,  would  need  to  search  only  the  area  within  the  cockpit  display.  He  would 
take  advantage  of  any  magnification  capability  of  the  target  acquisition  system  to  provide 
standoff  against  enemy  antiaircraft  capability.  Upon  acquisition  of  the  target,  the  pilot 
would  center  it  in  the  display.  The  GPS  equipment  would  use  these  new  angles  to  refine 
its  target  coordinate  data. 

The  pilot  would  then  select  the  position  from  which  to  begin  the  attack  and  fly 
toward  the  target.  As  he  approached  the  range  of  the  enemy  antiaircraft  weapons,  the  pilot 
would  begin  to  execute  evasive  maneuvers.  These  maneuvers  would  include  jinking  and  low 
level  flying.  GPS  would  continue  to  provide  steering  signals  to  hold  the  electro-optical  target 
acquisition  sensor  or  HUD  cursor  in  the  direction  of  the  target  even  if  intervisibility  were 
lost.  Once  the  pilot  reached  the  selected  position,  he  would  turn  the  aircraft  to  begin  the 
attack  run.  If  the  pilot  could  not  see  the  target  from  this  position  (e.g. . if  he  is  flying  too  low), 
he  would  align  the  aircraft’s  line  of  flight  with  the  sensor  or  HUD  cursor.  Just  prior  to 
weapon  release,  the  pilot  would  make  last-minute  corrections  by  plac’ng  the  cursor  in  the 
display  on  the  intended  target  impact  point.  The  GPS  receiver  would  use  this  information 
to  update  the  coordinate  data  to  be  used  by  the  weapon  release  computer  to  determine  the 
weapon  release  point. 

The  measures  of  effectiveness  of  GPS  in  close  air  support  operations  would  include 
the  reduction  in  the  susceptibility  of  the  aircraft  to  antiaircraft  fire.  This  potential  reduc- 
tion in  susceptibility  is  brought  about  by  four  individually  measurable  factors:  (1)  the 
increase  in  the  range  at  which  the  pilot  can  acquire  the  ground  target,  (2)  the  decrease  in 
the  time  the  aircraft  is  within  range  of  enemy  weapons,  (3)  the  improvement  in  the  ability 
to  maneuver  to  avoid  the  antiaircraft  fire  when  flying  within  its  range,  and  (4)  the  increased 
probability  of  executing  a one-pass  attack.  Other  potential  measures  are  the  reduction  of 
the  pilot’s  workload  during  the  target  acquisition  and  attack  phases  of  the  mission,  and  the 
reduction  in  the  prebriefing  and  target  area  knowledge  necessary  for  the  pilot  to  operate 
effectively  «n  a CAS  environment. 

6.  Forward  Observer  and  Artillery  Operations 

In  this  type  of  operation,  the  Forward  Observer  (FO)  determines  the  coordinates  of 
the  targets  and  provides  them  ^ the  artillery  battery  via  the  Fire  Direction  Center.  The  FO 
needs  to  know  his  location,  the  range  from  his  position  to  the  target,  and  the  bearing  of  the 


il.  The  FAC  would  use  his  GPS  equipment  to  determine  the  bearing  to  a visible  landmark  the  coordinates  of  which  had 
previously  been  entered  into  his  user  set  This  bearing  Hne  would  be  entered  into  a aevice  (such  as  the  GVS-5  laser 
rangefinder)  with  an  azimuth  scale  to  determine  the  bearing  from  the  FACs  position  to  the  target.  The  FAC  would  use  a 
laser  rangefinder  to  determine  the  range  to  the  target.  Provided  with  these  data,  the  GPS  equipment  could  determine  the 
GPS  coordinates  of  the  target. 
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target  with  respect  to  some  reference.  Currently  the  primary  means  for  obtaining  these  data 
are  a map  of  the  area  and  a magnetic  compass. 

The  artillery  battery  also  needs  to  know  its  position  as  well  as  a reference  line  of 
bearing.  This  is  currently  provided  by  ground  surveys.  However,  the  survey  teams  may  lag 
several  hours  behind  the  Army’s  current  mobile  artillery  capability.  This  tends  to  reduce  the 
effectiveness  of  the  mobile  artillery,  since  several  rounds  may  have  to  be  fired  and 
successively  corrected  by  the  FO  before  the  target  is  effectively  engaged. 

In  the  proposed  demonstration,  the  FO  would  use  his  GPS  equipment  to  help 
determine  the  GPS  coordinates  of  the  targets  in  a manner  similar  to  that  described  for  the 
FAC  in  the  CAS  demonstration.  These  coordinates  would  be  provided  to  the  Fire  Direction 
Center  for  relay  to  the  artillery  battery.  Upon  receiving  the  fire  minion,  the  artillery 
battery  would  select  a firing  position  and,  using  their  GPS  equipment,  lay  the  battery.  Using 
the  target  coordinates  provided  by  the  FO,  the  battery  would  determine  its  firing  data  and 
commence  firing. 

The  reduced  time  required  for  a mobile  artillery  battery  to  engage  targets  effectively 
would  be  the  principal  measure  of  effectiveness  of  the  improvement  that  GPS  would 
provide  over  the  current  means  of  position  fixing  used  in  FO  and  artillery  operations. 

7.  Photoreconnaissance  and  Coordinate  Bombing 

Previous  studies  have  shown  that  coordinate  bombing  with  conventional  bombs  can 
be  improved  if  position  fixing  accuracies  that  are  better  than  those  attainable  with  LORAN 
can  be  provided.* 2,1 3 Furthermore,  the  accuracy  with  which  targets  are  located  by  the 
reconnaissance  system  must  be  commensurate  with  that  of  the  system  used  to  strike  the 
targets.  That  is,  if  a photoreconnaissance  aircraft  is  to  be  used  to  collect  target  imagery 
from  which  target  coordinates  are  to  be  determined,  then  the  position  fixing  system  in  the 
reconnaissance  aircraft  should  be  at  least  as  accurate  as  that  in  the  strike  aircraft. 

Another  matter  of  concern  is  that  the  effort  required  by  the  photointerpreters  to 
determine  the  coordinates  of  targets  increases  as  thp  navigation  accuracy  of  the  photo- 
reconnaissance  system  decreases. 

In  the  proposed  photoreconnaissance  and  coordinate  bombing  demonstmtion,  both 
the  photoreconnaissance  aircraft  and  the  strike  aircraft  would  be  equipped  with  GPS 
receivers  integrated  with  inertial  systems.  The  pilot  in  the  photoreconnaissance  aircraft 
would  use  his  GPS  equipment  to  navigate  to  the  target  area.  As  the  photographs  of  the 
target  area  are  being  taken,  aircraft  position  data  from  the  onboard  GPS  equipment  would 
be  recorded  on  the  film.  These  data  would  then  be  used  by  the  photointerpreter  to 
determine  the  GPS  coordinates  of  the  targets  recorded  on  the  film.  These  coordinates  would 
be  entered  into  the  GPS  equipment  onboard  the  strike  aircraft,  along  with  waypoints 
defining  the  route  to  and  from  the  target  areas.  Using  these  data  together  with  the  weapon 
characteristics,  the  strike  aircraft  would  bomb  the  targets. 

12.  IDA  Study  S-409,  Sensitivity  of  Mission  Performance  to  Position  Fixing  Accuracy,  January  1973,  SECRET. 

13.  DNSS  Study,  op.  cit. 
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The  primary  measure  of  effectiveness  of  GPS  for  this  mission  would  be  the  increase 
in  bombing  accuracy  that  could  be  achieve.  \ compared  to  that  provided  by  LORaN  and 
airborne  radar..  An  additional  measure  would  ,'?e  the  reduction  in  the  time  required  for  the 
photointerpreters  to  derive  the  target  coordinate?  from  the  film. 

G TASK  3:  PROGRAMS  THAT  COULD  BE  'iEFIT  FROM  EARLY  AVAILABILITY 
OF  GPS  TEST  RANGE  INSTRUMENTATION 


Seven  programs  have  been  identified  us  potent&illy  benefiting  from  the  early  availa- 
bility of  the  GPS  test  range  instrumentation:  two  aircraft  programs  (B-l  and  F-16),  two 
cruise  missile  programs  (Air-Launched  Cruise  Missile  and  Sea-Launched  Cruise  Missile),  one 
strategic  missile  program  (MINUTEMAls  X),  and  two  air  defense  system  programs  (SAM-D 
and  SHORAD).  Each  of  these  programs  has  range  testing  needs  that  will  probably  require 
the  acquisition  of  additional  instrumentation  systems  (over  and  above  those  currently 
programmed).  The  specific  testing  needs  that  GPS  may  be  able  to  satisfy  for  each  of  these 
programs  are  discussed  below. 

1.  Aircraft  Programs 

B-l.  Low  altitude,  over-water  flights  are  scheduled  to  be  conducted  at  Vandenberg 
Air  Force  Base.  However,  the  Space  and  Missile  Test  Center  at  Vandenberg  considers  the 
current  range  instrumentation  (radars)  to  be  inadequate  for  this  test.  An  onboard  GPS 
receiver  could  be  used  to  compute  the  position  and  velocity  of  the  aircraft  for  onboard 
recording  or  relay  to  a ground  or  airborne  control/monitor  station.  In  addition,  the  current 
concept  for  the  evaluation  of  the  onboard  navigation  system  requires  ihe  aircraft  to  fly  over 
specific  points  on  the  ground  (checkpoints).  This  limits  the  flight  paths  that  are  available  to 
test  the  aircraft’s  navigation  system.  An  onboard  GPS  receiver  could  alleviate  this  limitation. 
Furthermore,  the  onboard  GPS  system  would  provide  continuous  position  and  velocity 
profiles  against  which  the  B-l  navigation  system  could  be  evaluated.  This  could  reduce  the 
number  of  flights  required. 

F-16.  There  is  no  instrumented  range  capability  in  the  areas  to  be  used  to  conduct 
the  F-16  climatic  tests.  An  onboard  GPS  receiver  could  be  used  to  provide  the  range 
instrumentation  for  these  tests.  As  noted  for  the  B-l,  onboard  GPS  equipment  would 
provide  the  necessary  data  to  evaluate  the  F-16  navigation  system.  It  could  also  provide 
improved  flightpath  freedom,  especially  to  test  the  F-16s  low-level  capability.  Furthermore, 
an  onboard  GPS  system  could  provide  (in  Phase  II  or  Phase  III  of  the  GPS  Program)  mobile 
instrumentation  to  support  foreign  sales  by  facilitating  demonstrations  and  tests  to  be 
conducted  in  the  potential  buyer’s  own  country.. 


2.  Antiaircraft  Programs 

SAM-D  and  SHORAD.  These  air  defense  systems  have  multiple  target  tracking  capa- 
bilities that  must  be  evaluated  in  tactical  environments  at  a number  of  different  test  sites. 
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These  sites  do  not  currently  have  adequate  range  instrumentation.  Currently  available 
instrumentation  that  could  be  used  to  equip  each  site  or  be  moved  from  site  to  site  to 
support  the  tests  has  already  been  judged  to  be  too  expensive.  Instrumentation  pods,  each 
containing  a GPS  receiver  and  a recorder,  which  could  be  mounted  on  the  test  aircraft, 
could  potentially  satisfy  this  need  for  a mobile  test  range  with  a multiple  target  tracking 
capability. 

3.  Missile  Programs 

Air-Launched  Cruise  Missile  (ALCM).  ALCM,  a long-range  cruise  missile,  uses 
TERCOM  as  part  of  its  guidance  system  and  therefore  must  be  tested  over  land.  At  the 
present  time,  however,  there  is  no  sufficiently  instrumented  test  range  that  is  long  enough 
to  test  the  maximum  range  capability  of  the  ALCM.  The  current  concept  is  to  fly  the 
missile  in  a racetrack  or  circular  pattern.  However,  AFTEC  feels  that  this  may  not  be  a 
sufficient  test  since  the  potential  exists  for  some  error  sources  to  remain  masked.  An 
alternative  approach  would  be  to  use  an  onboard  GPS  receiver  to  provide  real-time  position 
and  velocity  information  to  an  airborne  or  ground  control  center.  This  approach  might 
provide  sufficient  data  such  that  the  missile  could  be  allowed  to  fly  beyond  the  current 
limits  of  the  range  or  between  ranges.  In  addition,  the  GPS  receiver  may  allow  the  missiles 
to  be  flown  over  a larger  variety  of  flightpaths,  which  could  add  to  the  completeness  of  the 
evaluation. 

MINUTEMAN  X (MX).  The  present  MINUTEMAN  flight  tests  are  being  conducted  at 
Vandenberg  Air  Force  Base.  The  impacts  are  normally  in  the  Kwajalein  area,  with  the 
evaluation  of  the  missile  accuracy  being  based  on  data  from  the  metric  tracking  systems 
available  along  the  flight  trajectory.  The  increased  range  potential  of  the  MX  and  the  desire 
to  test  the  missile  along  more  than  one  launch  azimuth  may  necessitate  the  acquisition  of 
additional  test  range  instrumentation.  The  use  of  onboard  GPS  equipment  to  continuously 
determine  the  location  and  velocity  of  the  missile  for  transmission  to  a land  or  shipboard 
control  station  could  provide  the  instrumentation  with  which  to  test  the  missile  at  various 
ranges  and  azimuths. 

Sea-Launched  Cruise  Missile  (SLCM).  The  requirement  exists  to  fly  these  missiles  over 
land  to  test  their  guidance  system,  which  includes  TERCOM.  The  current  approach  is  to 
have  test  flights  originate  at  the  Pacific  Missile  Range  and  go  inland  to  one  of  the  air  bases 
(e.g.,  Dugway  AFB,  Utah,  or  Mountain  Home  AFB,  Idaho).  The  flightpaths  currently 
selected  for  use  in  these  tests  do  not  have  adequate  radar  coverage.  One  possibility  for 
closing  the  gaps  in  the  radar  coverage  is  to  place  a GPS  receiver  and  a transmitter  onboard 
the  missile.  The  GPS  receiver  could  continuously  determine  the  position  and  velocity  of  the 
missile.  The  onboard  transmitter  could  relay  these  data  to  an  airborne  or  ground  control/ 
monitor  station,  where  the  data  could  be  analyzed  to  determine  if  the  missile  is  following 
its  prespecified  track. 
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Chapter  I 

ANALYSIS  OF  OPERATIONAL  AND  COST  FACTORS 
AFFECTING  SELECTION  OF  NAVIGATION  SYSTEMS 


Preliminary  design  studies  and  tests  indicate  that  GPS  would  be  capable  of  providing 
most,  if  not  all,  of  the  navigation  and  positioning  functions  now  being  provided  by  several 
different  systems. 

Given  that  the  GPS  will  perform  as  well  as  these  preliminary  design  studies  and  tests 
indicate,  and  that  the  development  and  implementation  schedule  is  reasonable,  the  natural 
question  is  “which  current  navigation  systems  can  be  phased  out  and  which  should  be 
retained  to  be  used  in  conjunction  with  GPS?”  A further  question  ' “what  is  the  cost 
avoidance  that  could  be  realized  from  the  phasing  out  of  the  current  systems?” 

The  general  approach  adopted  to  answer  these  questions  was  to  give  GPS  receivers  to 
all  user  platforms  and  then  review  the  navigation  suite  of  each  platform  type  for  equipment 
which  could  be  removed  without  compromising  its  mission  capabilities. 

These  aspects  and  the  costs  of  current  systems  are  discussed  in  Section  A.  Section  B 
summarizes  the  cost  of  the  GPS  systems  which  would  replace  the  current  navigation  systems 
and  develops  the  net  cost  avoidance  for  the  various  options  considered. 

An  important  question,  the  complete  answer  to  which  was  beyond  the  scope  of  this 
study,  is  what  benefits  GPS  might  provide  in  improving  military  operations.  An  earlier  IDA 
study1  analyzed  some  very  specific  applications  and  estimates;  for  example,  the  effect  of 
GPS  accuracy  on  weapons  required  to  destroy  various  targets.  In  terms  of  cost  savings,  it 
was  concluded  that,  on  the  average,  the  cost  of  GPS  was  not  much  less  than  the  cost  of 
continuing  to  use  current  systems.  It  is,  however,  more  difficult  to  determine  the  benefits  in 
terms  of  military  effectiveness  (that  is,  probability  of  winning  an  engagement)  as  a result  of 
doctrine  changes  made  possible  by  GPS.  Quantitative  answers  to  this  question  are  not 
possible  at  this  time;  however,  Chapter  III  discusses  several  key  operational  demonstrations 
of  GPS  which  are  expected  to  lead  eventually  to  operational  concepts  and  tests  which 
would  provide  such  answers. 


1.  IDA  Study  S409,  Sensitivity  of  Mission  Performance  to  Position  Fixing  Accuracy,  Januvy  1973,  SECRET. 
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A.  EVALUATION  OF  CURRENT  NAVIGATION  SYSTEMS 
1.  Approach 

The  rationale  for  removing  equipment  had  to  consider  the  vulnerability  of  GPf3  to 
both  physical  and  electronic  countermeasures.  Both  of  these  depend  in  part  on  the 
desirability  or  value  of  GPS  as  a target,  which  in  turn  depends  on  its  use.  At  present, 
there  is  no  quantitative  analytical  method  .with  which  to  sort  out  the  interdependencies  of 
vulnerability,  target  value,  and  use  of  GPS.  Therefore,  the  study  group  elected  to  remove 
navigation  equipment  in  stages.  . 

The  first  systems  removed,  are  those  which  are  believed  to  create  the  least  incentive  to 
attack  GPS.  Subsequent  additional  removals  create  a higher  incentive.  The  following  specific 
steps  or  cases  are  used  in  this  removal  process: 

Case 1:  Remove  all  radio  referenced,  enroute  navigation  equipment;  that  is,  equip- 
ment whose  primary  function  is  a long-  distance  navigation  from  Point  A to 
Point  B,  exclusive  of  the  terminal  area  portions  of  the  path. 

Case  2:  In  addition  to  Case  1,  remove  one  part  of  any  dual  self-contained  systems.  In 
the  case  of  Doppler/inertial  systems,  the  Doppler  was  removed  since  GPS 
could  fulfill  the  same  function  as  Doppler  in  a GPS/inertial  hybrid. 

In  the  above  two  cases,  the  requirements  are  such  that  a two-dimensional,  relatively  low 
accuracy  GPS  system  would  be  an  adequate  replacement.  For  the  next  two  cases,  the  full 
three-dimensional,  high  accuracy  GPS  system  is  necessary. 

Case  3:  In  addition  to  Cases  1 and  2,  remove  all  landing  systems. 

Case  4:  In  addition  to  Cases  1,  2,  and  3,  remove  all  radars  whose  prime  function  is 
weapon  delivery. 

These  cases  are  summarized  in  terms  of  the  generic  systems  in  Table  1 1 . 


Table  11.  General  Types  of  Equipment 
Removed  from  Aircraft 


Case  1 : Enroute  Radio  Navaids 

- LORAN 

- TACAN 

- VOR/DME 

- OMEGA 

- DF 

Case  2:  Dual  Self-Contained 

— One  of  two  Dopplers 
— One  of  two  inertials 

- Doppler  of  Doppler/lnertiai 


Case  3:  Landing  Aids 

- ILS 

- MLS 

- CLS 

- GCA 


Case  4:  Air-to-Ground  Weapon 

Delivery  or  Navigation 
Radars 
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The  analysis  of  current  navigation  systems  consists  of  two  basic  elements.  The  first  is  a 
discussion  of  the  technical  pros  and  ciks  oi  the  capabilities  of  GPS  to  fulfill  the  functions  lost 
when  the  various  types  of  equipment  are  removed.  The  second  is  the  gross  costs  that  could 
be  avoided  if  the  systems  were  removed.  These  cost  considerations  include,  where  appropriate, 
the  corresponding  ground  reference  systems.  Ihe  feasibility  of  decommissioning  major  seg- 
ments of  the  ground  reference  “establishment”  is  discussed  in  terms  of  its  use  and  ownership 
by  non-DoD  and  foreign  agencies. 

Because  of  the  intermingling  of  civilian  and  military  users,  the  inventory  of  civilian 
systems  is  estimated,  both  to  provide  a feel  for  the  size  of  the  civilian  market  and  to  gauge  the 
impact  of  a U.S.  abandonment  of  common  military/civSian  systems.  It  is  emphasized,  how- 
ever, that  the  cost  avoidance  data  include  only  those  systems  owned  by  the  U.S.  military 
Services. 

As  will  be  shown,  the  gross  analysis  is  dominated  by  aircraft.  Ship  users  are  neither  as 
numerous  nor  do  they  have  the  variety  of  equipment  used  by  aircraft. 

2.  Scoping  Considerations 

From  a potential  cost  avoidance  point  of  view,  certain  systems  dominate  the  analysis.  In 
order  to  isolate  these  dominant  systems,  the  investment  in  th?  generic  types  of  systems  (user 
equipment  only)  has  been  summarized  in  Table  1 2.  Since  O&M  costs  tend  to  be  roughly  pro- 
portional to  investment  costs,  the  relative  ranking  of  the  systems  would  not  be  altered  signifi- 
cantly by  including  O&M  costs. 

Comparison  of  the  totals  for  aircraft  and  ship  users  indicates  that  as  a whole  the  ships 
are  relatively  miner  “consumers”  of  navigation  systems  and  thus  the  potential  cost  avoidance 
resulting  from  substitution  by  GPS  would  be  small.  This  observation  is  reinforced  by  the  fact 
that  the  ship  navigation  costs  are  dominated  by  inertial  systems  primarily  on  nuclear  sub- 
marines for  which  GPS  has  no  potential  for  substitution. 

At  the  present  time  there  is  little  sophisticated  navigation  and  positioning  equipment  for 
ground  users,  and  none  in  widespread  use.  Thus  cost  avoidance  attributable  to  current  equip- 
ment of  the  ground  forces  is  negligible.  There  are,  however,  some  new  systems  in  the  R&D  and 
early  procurement  phases  whose  functions  could  be  fulfilled  by  GPS,  thus  avoiding  their  future 
procurement  costs.  These  systems  are  considered  in  the  appropriate  sections. 

Inertial  and  radar  systems  dominate  the  inventory  value  (accounting  for  almost  70  per- 
cent if  all  radars  with  a weapon  delivery  capability  are  included).  However,  because  of  their 
function  in  military  operations,  the  possibility  of  substituting  GPS  even  in  part  requires 
specific  attention.  Inertial  systems,  because  they  are  the  only  completely  passive 
self-contained  system  available,  have  not  been  considered  for  replacement  by  GPS.  Radar 
weapon  delivery  systems  as  they  have  been  employed  in  the  past  may  be  replaceable  by 
GPS.  This  possibility  is  discussed  further  in  Section  A-7.  Only  those  radars  which  are  used 
solely  for  air-to-ground  weapon  delivery  or  navigation  are  included  in  the  totals  in  Table  1 2. 

Of  the  remaining  systems  used  by  aircraft,  the  important  ones  for  this  study  appear  to  be 
LORAN,  TACAN,  VOR/DME  and  Doppler.  Of  these,  the  first  three  involve  a ground  reference 
system  “establishment,”  and  LORAN  and  VOR/DME  are  part  of  the  worldwide  civil  naviga- 
tion system.  ^ 

UNCLASSIFIED 


46 

UNCLASSIFIED 


Chapter  II. 

: Single  Dopplan  ara  installations  in  which  only  one  Dopplar  It  utad  at  a meant  of  navigation  beyond  the  range  of  radio  navigation  aide. 
Redundant  Dopplers  are  those  which  ara  pairad  with  an  inertial  system  or  another  Dopplar. 

jThe  600  radars  listed  here  art  those  which  have  only  an  air-to-ground  weapon  delivery  or  navigation  capability.  Thera  ara  about  6,000 
radars  which  have  functions  In  addition  to  air-to-ground  weapon  delivery  and  navigation,  I .a.,  search,  air-to-air  intercept,  etc. 
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The  total  investment  cost  from  Table  1 2 is  abuut  $2  billion.1  Tlie  FASNAV  Study3 
estimates  that  the  annual  O&M  costs  of  a somewhat  larger  set  of  avionics  equipments 
(including  IFF,  all  radars  and  ground  reference  systems)  to  be  about  $0.4  billion  per  year. 
This  is  cons>$tent  with  the  0.1  to  0.2  ratio  of  annual  O&M  to  investment  observed  on  a 
large  number  of  systems. 

Table  1 1 summarized  the  four  generic  cases  constructed  for  use  in  the  analysis.  Each 
of  these  cases  has  its  own  peculiar  set  of  ramifications  and  exceptions.  These  are  disc  -ssed 
in  the  following  sections  in  the  order  shown  on  the  table. 

3.  Case  1:  Enroute  Radio  Navaids 

As  the  name  implies,  enroute  radio  navigation  aids  are  those  employed  primarily  in 
navigating  from  Point  A to  Point  B over  considerable  distances.  The  accuracy  needed  for 
enroute  navigation  is  relatively  low.  Several  hundred  meters  may  be  required  near  congested 
terminal  areas,  while  1 to  5 miles  is  sufficient  for  the  “cruise”  portions  of  most  missions. 

Radio  systems  are  oi  two  general  types:  hyperbolic  systems  such  as  LORAN  and 
OMEGA,  which  require  a minimum  of  three  ground  stations  for  position  fixing,  and 
“rho/theta”  systems  such  as  TACAN,  which  require  only  one  grown  ’ station  for  a position 
fix.  The  existing  hyperbolic  systems  operate  at  low  (10-100  Hz)  frequencies  and  are  not 
limited  by  line  of  sight.  The  rho/theta  systems  are  at  VHF  and  L-band  frequencies  and  thus 
are  line-of-sight  limited. 

Direction  finding  (DF)  systems  give  a line  of  position  only  and  are  seldom  considered 
as  primary  navigation  systems  except  on  minimally  equipped  platforms  (helicopters  and 
small  boats). 

These  navigation  aids  have  extensive  networks  of  ground  stations  to  provide  coverage 
of  most  or  all  of  the  populated  areas  of  the  world;  and  almost  universal  use  by  both 
military  and  civilian  aircraft  and  ships  of  both  the  Free  World  and  Red  Bloc  nations.  Table  13 
presents  an  estimate  of  the  worldwide  inventory  of  both  the  ground  stations  and  user 
equipments  of  the  systems  considered. 

From  a technical  point  of  view,  a simplified  GPS  receiver  using  about  half  the 
complement  of  satellites  currently  planned  could  fulfill  most  of  the  navigation  functions  of 
these  systems.  The  reduced  number  of  satellites  follows  becau_  - onl"'  a two-dimensional 
capability  is  required.  Furthermore,  only  the  clear/acquisition  signa  » needed  because  of 
the  lesser  accuracy  requirements. 

The  widespread  use  of  the  systems  listed  in  Table  1 3 gives  some  insight  into  both  the 
benefits  and  the  problems  associated  with  replacing  them  with  GPS.  The  major  advantages 
-re  the  avoidance  of  the  costs  of  R&D,  new  procurement  of  conventional  systems,  and 
operation  anti  maintenance.  Estimates  of  these  costs  are  given  later. 


2.  If  all  6,000  radars  are  included.  See  last  footnote  on  Table  12. 

3.  IDA  Report  R-204,  Study  of  Functional  Ana  Summary  for  Navigation,  December  1974  SECRET. 
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At  the  present  time,  most  of  the  systems  that  could  be  replaced  have  been  accepted 
as  domestic  and  international  standard  for  route  definitions.  For  instance,  the  VOR-TACAN 
(VORTAC)  system  is  the  primary  enroute  navigation  system  for  domestic  and  international 
use  by  aircraft.  The  abandonment  of  the  VORTAC  systems  (and  the  route  structure  defined 
by  them)  and  the  substitution  of  point-to-point  (area)  navigation  requires  new  agreements 
and  methods  of  traffic  control  which  are  just  now  being  developed. 

It  is  unlikely  that  there  would  ever  be  an  abrupt,  large-scale  transition  from,  for 
example,  a VORTAC  system  to  GPS.  It  is  worth  emphasizing,  however,  that  GPS  becomes  a 
worldwide  system  the  moment  that  the  satellites  are  in  place  ana  approved  for  navigation. 
Thus,  any  user  could  convert  to  GPS  and  abandon  the  present  equipment;  and  users  who  travel 
to  various  parts  of  the  world  need  not  carry  multiple  types  of  equipment  to  acco^nodate  dif- 
ferent kinds  of  facilities. 


a.  LORAN 

The  estimated  number  and  cost  of  LORAN  C systems  for  aircraft,  ship,  and  ground 
users  in  the  1975-1989  time  period  are  shown  in  Figure  3.  As  stated  previously,  aircraft  are 
by  far  the  largest  military  users  of  these  navigation  systems.  The  fractional  number  and  cost 
contributed  by  ship  and  ground  users  are  discussed  in  Sections  b and  c below.  . 

The  LORAN  A ground  reference  system  is  scheduled  to  be  phased  out  about  1980 
insofar  as  U.S.  support  is  concerted.  LORAN  C has  been  selected  as  the  primary  system  for 
the  U.S.  coastal  confluence  and  the  Great  Lakes.  This  net  is  scheduled  to  have  21  stations, 
of  which  8 arc  now  operating  (4  in  Alaska  and  4 on  the  east  coast).  Worldwide,  LORAN  C 
forms  a major  means  of  over-ocean  radio  navigation  and  time  transfer.  The  Soviet  LORAN 
C system  is  identical  to  the  Free  World  system,  is  synchronized  with  it,  and  thus  the  chains4 
are  fully  interoperable. 

LORAN  C coverage,  exclusive  of  the  Soviet  element,  is  shown  in  Figure  4. 

The  dominant  requirements  which  led  to  the  selection  of  LORAN  C over  other 
candidates  for  the  coastal  confluence  (OMEGA,  Differential  OMEGA,  LORAN  A,  Decca, 
Hastings  Raydist,  etc.)  were  the  accuracy  needed  in  harbors  and  estuaries  and  ship  routes  in 
the  Gulf  of  Mexico  (‘/»  mile-2-sigma  geodetic)  and  the  usable  offshore  distance  (more  than 
50  miles,. 

For  certain  other  applications-e.g.,  Fishing  and  oil  exploration-50-foot  repeatable 
accuracy  (2-sigma)  is  desirable.  These  requirements  strain  the  capabilities  of  GPS  C/A  signal 
accuracy  for  single  fix.  However,  most  of  the  users  are  slow  moving  or  stationary  which 
would  permit  integration  time  to  improve  the  performance. 

The  most  numerous  long  range  radio  navigation  system  used  aboard  ships*  is 
LORAN.  As  noted  in  the  introduction  to  this  chapter,  however,  there  are  considerably 


4.  A chain  is  a series  of  at  least  three  synchronized  transmitters  which  provide  hyperbolic  coordinate  systems. 

5.  In  addition  to  LORAN,  the  Navy  navigation  satellite  'Transit”  currently  is  providing  precise  position  information  to  a 
limited  class  of  ships  (mostly  submarines).  The  major  disadvantages  of  Transit  for  aircraft  use  is  the  time  to  derive  a fix  (a 
few  minutes)  and  that  a precise  fix  requires  knowledge  of  the  users  velocity.  The  repeatable  accuracy  of  Transit  for 
stationary  users  who  have  time  to  integrate  several  fixes  is  very  high  (on  the  order  of  1 meter).  However,  the  precise 
ephemeris  is  classified  and  the  ultimate  precision  of  Transit  is  not  available  to  commercial  users  GPS  is  in  part  an 
outgrowth  of  Transit  and  can  provide  all  of  the  services  of  Transit  as  well  as  the  other  radio  navigati  a aids  used  by  ships. 
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Figure  4.  World  Wide  LORAN  C Coverage 
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fewer  ships  than  aircraft  in  the  military  inventory.  Thus,  the  cost  avoidance  that  might  be 
realized  from  a substitution  of  GPS  is  limited.  The  estimated  average  annual  costs  of 
shipboard  LORAN  receivers  are  $6  million  for  acquisition  and  $3.8  million  for  O&M.  These 
estimates  were  included  in  Table  1 2 and  in  Figure  3. 

For  the  most  part,  the  navigation  equipment  used  aboard  ships  is  less  sophisticated 
than  that  on  aircraft.  Notable  exceptions  to  this  observation  are  the  inertial  systems  aboard 
submarines  and  aircraft  carriers.  However,  the  mission  of  these  ships  does  not  permit 
substitution  of  a radio  navigation  system  for  a high  precision  self-contained  system. 

As  shown  in  Figure  3,  LORAN  C coverage  is  far  from  worldwide.  OMEGA,  when  it 
becomes  fully  operational,  will  fill  this  gap  as  could  the  VLF  system  if  desired. 

Ground  users  of  positioning  systems  are  considered  as  part  of  Case  1 . They  have  little 
to  lose  and  much  to  gain  from  GPS.  There  is. currently  nothing  in  the  Army  or  Marine 
Corps  nventory  beyond  compasses,  conventional  survey  instruments,  and  topographical 
charts  to  provide  position  of  ground  forces.  An  Army  system  that  is  at  the  end  of  its 
development  cycle  and  expected  to  enter  the  inventory  soon  is  the  LORAN  Manpack 
(AN/PSN-6).  The  latter  is  dependent  upon  the  fielding  of  the  LORAN  D net  by  the  Air 
Force.  The  Army  is  also  examining  a commercially  available  LORAN  transmitter  as  a 
backup  to  the  Air  Force  TRN-35.  The  commercial  system  is  van-mounted  with  a shorter  1 50- 
foot  antenna;  hence,  its  range  is  less  than  the  TRN-35.  It  is  probably  adequate,  however,  for 
Field  Army  operation. 

b.  TACAN  and  VOR/DME 

TACAN  and  VOR/DME  are  treated  together  since  they  provide  almost  identical 
navigation  service  (rho/theta  positioning  to  line-of-sight  distances)  and  in  large  measure  the 
two  systems  are  collocated  (called  VORTACS).  The  numbers  and  cumulative  costs  of 
military  TACAN  and  VOR/DME  systems  are  shown  in  Figures  5 and  6.  The  DME  (or 
“rho”)  component  of  the  collocated  systems  is  common  to  both  TACAN  and  VOR/DME. 
The  “theta”  component  of  TACAN  operates  at  L-band  whereas  the  VOR  operates  at  VHF.; 
Thus,  the  antenna  of  the  TACAN  is  considerably  smaller  ( ~2  feet)  than  the  VOR  (~  20 
feet).  Because  of  their  smaller  size,  TACAN  beacons  are  much  more  readily  installed  on 
ships  and  aircraft  and  made  man-portable.  For  these  reasons,  TACAN  is  primarily  a military 
system  and  VOR/DME  is  the  civilian  system  (worldwide-Free  World).  The  nominal  accura- 
cies of  both  systems  are  similar  (3.5  degrees  in  azimuth  and  0.5  nmi  or  3 percent  of  range, 
whichever  is  greater,  1 sigma).  Techniques  for  improving  the  accuracy  of  both  systems  by 
almost  a factor  of  10  exist  and  have  been  used  in  special  situations.  The  location  of  the 
fixed  VORTAC  sites  in  large  measure  determines  the  overland  route  structure  for  aircraft  in 
the  Free  World.  (In  some  areas,  notably  Africa  and  Australia,  the  nondirectional  beacons 
and  four-course  ranges  are  still  the  predominant  navaids.) 

In  addition  to  its  obvious  enroute  navigation  function,  the  VORTAC  system  provides 
additional  services  to  both  military  and  civilian  aircraft.  The  most  important  additional 
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service  is  as  an  aid  to  nonprecision  approach  to  landing.  In  the  military  case,  this  includes 
approaches  to  aircraft  carriers  and  unimproved  air  strips  (using  portable  TACAN  beacons). 

in  an  analogous  way  to  landing,  TACAN  is  used  as  a means  for  aircraft-to-ship  and 
aircraft-to-aircraft  rendezvous.  If  the  substitution  of  GPS  for  TACAN  should  be  considered 
seriously,  an  alternative  to  this  relative  positioning  capability  would  be  needed.  The  use  of 
voice  transmission  to  exchange  position  coordinates  is  a possibility;  however,  the  need  for  a 
pilot  to  compute  steering  commands  manually  is  a significant  task  in  an  aircraft. 
A more  acceptable  solution  is  a narrow-band  data  link  and  computer  to  generate  a display 
analogous  *o  TACAN.  Potentially,  such  a function  could  be  incorporated  in  the  JTIDS 
(Joint  Tactical  Information  Distribution  System)  being  developed  jointly  by  the  Navy  and 
the  Air  Force.  Significamly,  the  Navy  adaptation  of  JTIDS  (formerly  called  ITNS-Integra- 
ted  Tactical  Navigation  System)  provides  precision  relative  navigation  and  also  provides  a 
local  backup  GPS.  This  is  desirable  because  of  the  uncertain  vulnerability  of  GPS. 

The  VORTAC  system  as  it  exists  today  can  be  saturated.  The  DME  portion  is  a 
two-way  ranging  system  in  which  the  aircraft  transmits  an  interrogation  pulse  and  the 
beacon  replies  after  a fixed  delay.  This  allows  the  airborne  system  to  compute  its  slant 
range  to  the  beacon.  The  signal  structure  is  such  that  approximately  100  aircraft  can  use 
any  given  beacon  before  mutual  interference6  overcomes  the  beacon. 

An  adaptation  of  the  VORTAC  system  which  is  being  used  increasingly  is  “Area 
Navigation”  or  R-NAV.  Until  recently,  the  technique  for  navigating  the  VORTAC  route 
structure  was  simply  to  fly  VORTAC-to-VORTAC  in  straight  line  segments.  Deviation  from 
the  desired  course  was  indicated  by  the  right-left  deflection  of  the  “omni-bearing”  indicator 
needle.  Along-course  position  is  given  by  the  DME  reading  (in  the  case  of  VOR-only  users, 
along-course  position  is  obtained  from  a bearing  from  an  adjacent  off-course  VORTAC- 
“theta/theta”  navigation).  The  VORTAC-to-VORTAC  procedure  is  strictly  for  convenience 
since  the  system  is  intrinsically  capable  of  providing  position  anywhere  within  range.  For 
courses  not  directly  between  two  stations,  however,  the  pilot  is  faced  with  computing  the 
desired  bearing  and  distance  to  a station  as  a function  of  time  along  a route  and 
attempting  to  make  good  these  estimates.  The  task  is  difficult  to  perform  manually  in 
spite  of  the  rather  simple  trigonometry  involved.  Small  computers  have  been  integrated 
into  the  VOR/DME/TACAN  user  equipment  that  makes  the  computation  and  provides 
the  pilot  the  familiar  right-left,  distance  to  go  display  or,  in  some  cases,  a stylized 
pictorial  display  called  a horizontal  situation  indicator  (HSI).  This  added  capability  of 
R-NAV  (which  has  always  been  available  in  other  systems  such  as  inertial  and  hyperbolic 
systems)  converts  what  was  essentially  a 2-degree-of-freedom  navigational  system  (along 
track  and  vertical)  to  a true  3-degree-of-frcedom  system.  The  added  horizontal  degree  of 
freedom  (for  flight  planning  purposes)  creates  problems  for  air  traffic  control.  The 


6.  It  is  estimated  that  in  certain  high  density  areas  (e.g.,  LaGuardia)  the  average  (busy  hour)  traffic  is  approaching  50 
percent  of  saturation.  Traffic  growth  projective:  indicate  that  the  saturation  limit  might  be  reached  in  some  high  density 
areas  within  the  timeframe  of  this  study  (1990).  Tho  esllmation  is  according  to  S.A.  Meet,  “Study  of  the  VORTAC 
System  and  Its  Growth  Potential,”  MTR-6547,  Mitre  Corporation,  Nowmber  i?71. 
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primary  difficulty  is  conflict  prediction  in  tliree  dimensions  rather  than  two.  At  the 
present  time,  techniques  for  accepting  R-NAV  flight  plans;  and  flight  following  (including 
conflict  prediction)  are  being  developed.  Full  implementation  of  R-NAV  Air  Traffic  Con- 
trol is  planned  for  the  eajly  1980s.  The  few  R-NAV  routes  that  have  already  been  estab- 
lished are  little  mere  than  extensions  of  the  present  two-dimensional  system. 

An  important  feature  of  R-NAV  is  that  it  is  possible  to  develop  nonprecision 
approach  procedures  at  airports  that  would  otherwise  require  additional  ground  facilities. 
The  practicality  of  this  application  of  R-NAV  is  still  limited,  however,  by  the  proximity  of 
the  nearest  VORTAC  since  the  accuracy  of  R-NAV  is  limited  by  that  of  the  basic  VORTAC 
accuracy  which  is  range  dependent. 

The  basic  enroute  fun.-tion  of  the  VORTAC  system  can  easily  be  furnished  by  GPS 
using  the  Clear  Acquisition  signal,  since  the  nominal  lane  widths  are  currently  8 nautical 
miles.  The  nonprecision  approach  functions  to  a fixed  base  can  also  be  fulfilled  by  GPS. 
(The  landing  application  of  GPS  is  discussed  further  in  Section  A6.) 

c.  OMEGA/VLF 

The  only  truly  global  radio  navigation  systems,  other  than  GPS,  are  the  VLF  hyper- 
bolic systems.  The  best  known  of  these  is  OMEGA.  Figure  7 indicates  that  military  use  of 
OMEGA  is  increasing  somewhat.  However,  in  comparison  to  other  systems  (e.g.,  LORAN  or 
TACAN  in  Figure  5),  use  is  small. 

A less  well  known  VLF  system  uses  the  Navy  VLF  communication  net  This  net  is 
time  synchronized  and  stable  to  within  one  part  in  10+1  * and,  therefore,  can  be  used  for 
navigation  in  a manner  similar  to  OMEGA.  In  fact,  VLF  receivers  use  OMEGA  transmissions 
as  well  as  the  VLF  communication  signals.  However,  the  converse  is  not  true. 

Commercial  user  systems  are  available  (e.g.,  the  GNS-500  from  Global  Navigation, 
Inc.,  Torrance,  California).  The  navigation  accuracies  of  the  OMEGA  and  VLF  '-ormnunica- 
tions  systems  are  similar  (1  to  2 nmi  during  daylight  hours).  Approval  >f  *he  VLF 
navigation  system  for  IFR  navigation  rests  in  part  on  whether  the  Navy  will  assure  that  the 
transmitters  will  either  remain  on  continuously  or  that  the  users  will  receive  advan:e 
notification  of  scheduled  outages.  For  security  reasons,  the  Navy  has  declined  to  i _,,re 
such  assurances.  OPNAV  Instruction  53530. IB  indicates  that  the  Navy  prefers  OMEGA  as 
the  radio  navigation  backup  to  GPC.  However,  the  VLF  communications/navigation  system 
provides  services  equivalent  to  OMEGA. 

d.  Direction  Finding  Systems 

Direction  finding  systems  consist  of  a series  of  isotropically  radiating  ground  stations 
(nondirectional  beacons  or  NDBs)  and  a user  receiver  with  an  antenna  that  senses  the 
direction  from  which  the  radiation  comes.  Automatic  Direction  Finding  (ADF)  receivers 
display  the  direction  of  the  receiver  relative  to  the  longitudinal  axis  of  the  platform  (aircraft 
or  ship).  The  system  has  the  advantages  of  being  comparatively  inexpensive  and  easy  to 
maintain.  Its  accuracy  under  good  atmospheric  conditions  is  poor  (about  5 degrees).  Since  it 
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is  also  subject  to  sensing  errors  during  electrical  storms  and  pilotage  errors  in  high  winds,  it 
is  unsuitable  for  use  in  high  density  traffic.  Nevertheless,  its  low  cost  has  resulted  in  its 
continued  use  as  a primary  navigation  aid  in  most  of  the  world  outside  of  the  U.S.  and 
Western  Europe.  Even  in  these  areas,  the  NDB/ADF  continues  to  be  used  as  a means  of 
conducting  non-precision  approaches  at  many  airports  and  as  an  aid  in  making  the  initial 
approach  to  a precision  instrument  landing.  The  cost  avoidance  potential  of  direction 
finding  systems  is  significant  only  because  of  the  large  number  in  use  (see  Figure  8). 

Paradoxically,  although  GPS  can  provide  much  more  capability  than  ADF,  it  may  be 
desirable  to  retain  ADF  as  a low  cost  backup  for  a “get  home”  capability  rather  than 
provide  dual  GPS  receivers. 

e.  Summary  of  Case  1 

For  the  enroute  radio  navigation  systems  the  two  major  cost  segments  are  the  user 
equipment  and  the  reference  equipment. 

The  estimated  average  annual  costs  for  the  enroute  user  systems  considered  in  Case  1 
are  summarized  in  Table  14.  The  lecurring  acquisition  costs  are  shown  separately  from  the 
operation  and  maintenance  costs. 

Table  14.  Estimated  Average  Annual  Costs 
for  Military  Enroute  User  Equipment 

( millions  of  1975  dollars ) 


System 

Average 
Number 
of  Sets 

Recurring 
Acquisition  Costs 

O&M  Costs 

Total 

Costs 

LORAN 

4,900 

24.3 

35.0 

59.3 

TACAN 

12,500 

4.1 

24.5 

28.6 

VOR/DME 

7,200 

1 

2.3 

3.4 

OMEGA 

300 

.5 

.4 

.9 

ADF 

20,900 

3.1 

8.4 

11.5 

Total 

45,800 

33.1 

70.6 

103.7 

The  cumulative  data  on  which  the  averages  in  Table  14  are  based  are  shown  in  Figures 
3 and  5 through  8.  The  averages  are  based  on  the  entire  period  of  1975  through  1989.  For 
the  most  part,  the  functions  are  reasonably  linear  and  the  averages  are  reasonable  approxi- 
mations for  any  period  within  the  total  span.  The  uncertainties  in  fleet  composition  and 
navigation  suites  outweighs  any  error  in  using  the  average  annual  cost. 
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Because  of  the  joint  military-civilian  use 
of  major  portions  of  the  systems  there  are 
constraints  on  the  decc  ^missioning  of  military 
referenje  equipment  which  is  used  extensively 
for  civilian  navigation.  Obviously,  there  are  no 
sucii  constraints  on  equipment  used  exclusively 
by  the  military.  There  are,  however,  few  refer- 
ence systems  which  can  be  considered  as  solely 
military.  The  estimated  annual  operation  and 
maintenance  costs  for  the  various  elements  of 
the  reference  system  complex  are  shown  in 
Table  15. 

It  is  apparent  ltom  Table  15  that 
most  of  the  operation  and  maintenance  costi 
of  the  reference  equipment  are  borne  by  the 
civilian  sector.  Only  the  TACAN  stations  are 
supported  by  the  military,  and  a considerable 
number  of  these  are  ship  and  airborne  beacons 
that  are  used  for  rendezvous.  As  noted  pre- 
viously, an  alternative  system  must  be  provided 
(not  GPS)  for  rendezvous  if  TACAN  is  to  be  phased  out. 

The  system  costs  shown  in  Tables  14  and  15  „o  not  include  the  procurement  of  new 
designs  of  certain  equipment  that  either  provide  a new  capability  for  existing  platforms  or 
replace  aging  or  otherwise  unsatisfactory  older  equipment.  The  specific  programs  of  ttus 
type  are  listed  in  Table  16. 

The  new  equipment  listed  in  Table  16  would  be  installed  in  a time  period  roughly 
corresponding  to  the  time  when  a two-dimensional  GPS  capability  could  exist  as  an  alternative. 
However,  Chapter  II  indicates  that  a significant  cost  advantage  may  result  from  GPS  user 
equipment  designs  based  on  advanced  digital  LSI  technologies.  This  may  cause  a delay  in  the 
GPS  IOC.  If  it  is  desired  to  accept  the  delay  to  gain  the  cost  advantage,  then  the  costs  of  the 
new  conventional  enroute  systems  could  not  be  entirely  avoided.  Some  undetermined  part  of 
the  production  would  have  to  be  completed  to  fulfill  interim  requirements  for  new  aircraft,  or 
alternatively,  more  of  the  current  systems  could  be  procured  for  this  ourpose. 


Table  15:  Estimated  Average  Annual 
Operating  and  Maintenance  Costs*  for 
Enroute  Radio  Reference  Equipment 
(millions  of  1975  dollars ) 


Equipment 

U.S  Military 

U.S.  Civilian 

LORAN 

10.0 

10.C 

TACAN 

1.9 

Nag. 

VORand 

VOR/DME 

1.5 

6.5 

VORTAC 

.6 

.,  25.0 

OMEGA 

Unknown 

Unknown 

NDB 

3.1 

19.6 

Total 

17.1 

61.2 

•Estimated  as  approximate  10  percent  of  current 
acquisition  costs. 
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Table  16.  New  Enroute  Equipment  Procurements* 


System 

Type 

Time  Spin 

Quantity 

Plenned 

Avenge 
Unit  Cost 
IS.  197S) 

Total 

($M,  197S) 

Air  Force 

ARN-118 

TACAN 

1976- 

10,uu0T 

12,000 

120.0 

ARN-101 

LORAN 

1978-1979 

242 

150,000$ 

36.3 

Unknown 

OMEGA 

Thru  FY  1978 

690 

15,000 

10.4 

TRN-35 

LORAN 

1976-1977 

•3  chains- 

15.6 

(Ref) 

Army 

ARN-114 

LORAN 

1975- 

2,100 

28,000§ 

50.0 

ARN-123 

VOR/ILS 

197? 

7,100® 

1.540* 

11.0 

PSN-6 

LORAN 

1976-1978 

1,740 

18.000 

30.0 

TOTAL 

282.3 

‘Note  that  quant  it  its  and  com  an  planning  figures  and  do  not  represent  firm  contract  data, 
t Comma  has  baan  lat  for  Initial  1,100  units. 

$ Contra  m pricadoaa  not  induda  inart  ial  maaturamam  unit  (IMU). 

S.Army  cor  target. 

•Initial  contraa  lat  ‘nr  864  unltt  plus  100  par  cam  option 
^Includes  4-yaar  Failure  Fraa  Warranty. 

f.  Other  Conside.ations 

Effects  of  Civilian  Users  on  GPS.  Because  of  the  extensive  intermingling  of  military 
and  civilian  air  traffic  in  the  enroute  phase  of  navigation,  any  discussion  of  substituting  GPS 
for  current  systems  must  consider  the  interaction  between  the  civilian  and  military  usage. 

A necessary  condition  for  the  use  of  GPS  in  the  civilian  route  structure  is  the 
approval  by  the  FAA  (in  the  U.S.)  and  the  ICAO  (in  the  rest  of  the  world).  Such  approval 
is  generally  contingent  on  the  ability  of  the  system  to  provide  sufficient  accuracy  to 
maintain  track  accuracy  within  established  standards  and  reliability  and  availability  adequate 
to  ensure  safe  completion  of  the  flight.  The  nominal  capabilities  required  are  described  in 
F.AA  Advisory  Circular  90-45 A and  are  summarized  in  Table  17. 

All  of  the  variants  of  the  GPS  system  cited  in  Table  22,  page  70 , are  capable  of  the 
accuracies  cited  in  Table  17,  including  the  terminal  and  nonprecision  approach  accuracies 
specified. 

A recent  FAA-sponsored  study7  examined  both  the  accuracy  requirements  and 
operational  requirements  of  Area  Navigation  (R-NAV)  in  detail.  The  study  presumed  that 
R-NAV  will  be  based  largely  on  the  VOR/DME  facilities.  However,  G ’S  can  provide 


7.  “Applications  of  Area  Navigation  in  the  Airspace  System,”  FAA/lndustry  RNAV  Task  Force,  DOT/FAA,  February 
1973. 
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essentially  the  same  service  without  incurring  some  of  the  same  problems  and  expenses  as  a 
VOR/DME  based  system.  In  brief,  these  avoidable  problems  and  expenses  are: 

(1)  Insufficient  coverage  by  VOR/DME  in  certain  areas,  notably  the  mountain 
states  and  Alaska.  Stations  would  have  to  be  added  or  relocated. 

(2)  VOR  accuracies  would  have  to  be  improved  to  meet  the  post-1 982  require- 
ments. This  would  require  installation  of  P-VOR  (Precision  VOR)  stations  Li 
high  density  terminal  areas  at  an  added  cost  to  both  the  FAA  and  user  aircraft. 

(3)  Inaccuracies  in  altimetry  used  for  slant  range  corrections  inhibit  the  imple- 
mentation of  three  dimensional  R-NAV  based  on  VOR/DME. 


Table  1 7.  Minimum  Accuracy  * Requirements 
for  Three  Dimensional  Area 
Navigation  Systems  (2  Sigma  Limits) 


Other  problems  with  R-NAV 
are  operational  in  nature  and  are 
common  to  all  such  systems.  The 
least  understood  have  to  do  with 
pilot  and  controller  workload  and 
consequently  its  acceptance  by  them. 
The  workload  problems  occur  pri- 
marily in  terminal  areas.  This  subject 
is  discussed  in  more  detail  in  Section 
A6. 

Red  Bloc  Radio  Navigation. 
The  Red  Bloc  radio  navigation  sys- 
tem was  omitted  from  the  foregoing 
accounting  primarily  because  of  con- 
siderable uncertainty  as  to  how  extensive  it  is  and  because  of  consideration  of  the  potential 
benefit  of  GPS  to  the  Red  Bloc  countries,  which  merits  a separate  discussion. 

The  defined  route  structure  within  the  Red  Bloc  countries  (Eastern  Europe,  USSR, 
and  The  Peoples  Republic  of  China)  is  most  striking  in  its  sparsity.  Table  1 8 shows  the  total 


Flight  Phase 

Cross  Track 
(nmi) 

Along  Track 
(nmi) 

Vertical 

(feet) 

Enroute 

1.5 

1.5 

230 

Terminal 

1.1 

1.1 

230 

Approach 

(nonprecision) 

0.3 

0.3 

130 

*Not  including  pilot  errors. 


Table  18.  Published  Route  Mileage  and 
Navigation  Aids  in  Red  Bloc  Countries 


Route  Miles 

VOR 

NOB * 

ILS/KGSPt 

Eastern  Europe 

7,230 

39 

112 

22 

USSR 

24,200 

6 

134 

52 

Peoples  Republic 
of  China 

4,100 

2 

33 

5 

Totals 

WM 

47 

279 

79 

• Nondirect  ional  beacons. 

tKGSP  is  the  Russian  variant  of  IIS;  it  uses  the  same  frequency  assignments  but  is 
not  usable  by  Unequipped  aircraft  without  additional  equipment. 
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mileage  and  navigation  aids  of  the  defined  air  route  (both  high  and  low  altitude)  within  the 
Red  Bloc  countries.  The  data  are  taken  from  the  navigation  charts  prepared  by  Jeppeson® 
based  on  data  supplied  by  the  various  countries.  Since  these  charts  are  primarily  for 
international  air  carrier  operations  into  the  various  countries  they  may  not  contain  data 
used  exclusively  by  in-country  air  traffic. 

The  comparable  number  of  route  miles  for  the  U.S  (contiguous  U.S.,  Alaska,  and 
Hawaii)  is  406,905  nautical  miles.  The  radio  navigation  aids  upon  which  the  published  route 
structure  for  Red  Bloc  areas  is  based  consist  largely  of  uondirectional  beacons  (NDB),  of 
which  279  are  listed.  In  addition,  there  are  45  VOR  installations,  primarily  in  Eastern 
Europe. 

The  route  structure  as  defined  on  the  available  navigation  charts  is  clearly  inadequate 
for  IFR  navigation  in  the  central  regions  of  the  USSR  and  China.  Two  alternative  conclu- 
sions are  possible  from  the  data  available- the  more  likely  one  is  that  there  is  a much  more 
extensive  route  structure  that  is  not  available  or  known  to  the  outside  world  at  large;  the 
other  is  that  the  available  charts  do,  in  fact,  represent  the  actual  route  structure.  [If  the 
latter  is  correct,  implementation  of  GPS  and  making  it  available  to  everybody  (as  the  U.S. 
has  done  with  Transit)  would  provide,  free  of  charge,  a major  asset  with  considerable 
potential  impact  on  the  economic  development  of  the  central  regions.] 

4.  Case  2:  Dual  Self-Contained  Systems 

a.  System  Description 

Self-contained  systems  are  used  for  two  major  reasons:  either  externally  referenced 
systems  are  unavailable  in  the  areas  of  use,  or  it  is  expected  that  radio  reference  systems 
will  be  jammed  or  otherwise  compromised.  The  two  most  common  forms  of  self-contained 
systems  are  (1)  Dead-Reckoning  Systems  that  integrate  velocity  to  derive  position  change 
and  (2)  Inertial  Systems  that  integrate  acceleration  twice  to  derive  the  position  change. 
All  of  these  systems  require  initialization  to  provide  the  position  in  geographic  coordinates. 
The  velocity  vector  required  for  the  dead-reckoning  systems  can  be  obtained  in  a variety  of 
ways.  The  most  accurate  systems  in  use  are  based  on  Doppler  radar  measurements  of  speed 
relative  to  the  ground  and  a gyrocompass  measurement  of  heading  relative  to  true  north. 
Accuracies  of  1 to  5 percent  of  distance  traveled  are  typical.  Air  data  systems  are  also  used 
which  derive  ground  speed  from  calibrated  air  speed  with  corrections  for  air  density  and 
wind  velocity.  The  wind  corrections  contribute  the  largest  errors.  Air  data  systems  are  of 
little  use  for  precision  navigation  without  current  and  accurate  wind  data  which  are  seldom 
available. 

All  of  the  self-contained  systems  are  characterized  by  an  unbounded  position  error 
which  increases  with  time.  Thus,  on  long  missions,  periodic  position  updates  are  required  to 
control  the  errors. 

Dual  self-contained  systems  are  frequently  used,  both  to  provide  higher  reliability  and 
to  control  the  error  growth. 


8.  Airway  Manual,  Eastern  Europe  and  China,  Jeppeson  Company,  Denver  Col.,  June  1975,  UNCLASSIFIED. 
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Dual  self-contained  installations  are  commonly  Doppler-inertial.  Dual  inenials  are  least 
common  because  of  their  high  cost.  Air  data  dead-reckoning  is  a universally  available 
backup  since  it  can  be  accomplished  manually  as  well  as  by  the  navigation  computer. 
However,  it  is  never  acceptable  for  routine  extended  IFR  flight. 

The  major  motivations  for  the  use  of  dual  self-contained  systems  rather  than  single 
installation— overall  reliability  and  accuracy -could  be  fulfilled  by  GPS  as  a substitute  for  at 
least  one  of  the  pair  of  self-contained  systems. 


Table  1 9.  Current  Usage  of  Self-Contained 
Systems  in  Aircraft 


Type  of  Self-Contained  System 

Number  of 
Users 

Percent 
of  Total 

Dual  Doppler  Installation 

371 

22 

Dual  Inertial  Installation 

17 

1 

Doppler/lntrtial  Installation 

1,311 

77 

Total 

1,699 

The  current  usage  of  self-con- 
tained systems  is  summarized  in 
Table  19. 

In  addition  to  dual  and 
self-contained  systems,  there  are 
3,726  single  Doppler  installations. 
These  represent  a large  potential  cost 
avoidance  that  is  dependent  on  the 
operational  feasibility  of  doing  with- 
out any  self-contained  capability. 

In  addition  to  the  current  air- 
craft usage  summarized  in  Table  19, 
there  are  substantial  numbers  of  military  aircraft  under  development  that  will  enter  the 
inventory  in  the  time  frame  of  this  study.  Although  their  specific  navigation  suites  have  not 
been  selected  by  the  Services,  some  of  these  aircraft  would  contain  dual  self-contained 
systems. 

In  order  to  approximate  the  effect  in  the  out  years  of  removing  one  of  the 
self-contained  systems  from  these  aircraft,  the  study  developed  representative  navigation 
suites  for  them.  This  was  done  largely  by  analogy  to  current  aircraft  with  similar  missions. 
Those  new  aircraft  having  dual  self-contained  navigation  systems  are  listed  in  Table  20.  The 
inventory  values  are  the  maximum  numbers  foreseen  during  the  time  frame  of  the  study. 

The  C-141  modification  listed  in  Table  20  consists  of  the  installation  of  dual  inertials. 
A major  stimulus  for  this  modification  is  to  provide  acceptable  navigation  accuracy  for  the 
high  density  North  Atlantic  routes.  Currently  these  aircraft  are  unable  to  maintain  cross 
track  errors  within  acceptable  limits  set  by  ICAO  and  must  fly  at  uneconomical  low 
altitudes  or  use  circuitous  routes. 

b.  Technical  and  Performance  Considerations 

As  noted  earlier,  the  major  motivations  for  dual  self-contained  systems  are  to  provide 
higher  reliability  and  to  improve  accuracy.  It  is  for  the  latter  reason  that  most  of  the  dual 
instal.  ‘ions  are  Doppler/inertial  in  which  the  primary  function  of  the  Doppler  is  to  provide 
long  period  damping  for  the  inertial  systems,  and  the  inertial  systems  provide  the  heading 
reference  required  by  the  Doppler  radar.  The  velocity  damping  function  of  the  Doppler 
systems  can  be  fulfilled  by  GPS.  Both  the  Doppler  and  GPS  are  susceptible  to  electronic 
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countermeasu  es;  however,  it  is  not  possible  to  make  any 

Table  20.  New  Installations 

conclusive  slatcments  about  their  relative  vulnerability. 

of  Dual  Self-Contained 

The  GPS  rray  have  some  advantages  since  the  user  is 

Navigtvion  Systems 

£T-  “ 

passive  whe  eas  the  Doppler  is  an  active  system. 

/ gr- 

In  any  event,  aside  from  vulnerability  considera- 

Maximum 

tions,  the  Inertial/GPS  hybrid  would  be  at  least  as  ac- 

Aircraft 

Aircrtift 

Inventory 

r . ; 

curate  as  my  of  the  dual  self-contained  systems  since,  in 

the  case  of  Inertial/GPS  systems  the  errors  would  be 

Doppler/lnertial 

* bounded  .ay  the  GPS  component.9 

RFX 

155 

Tbi  potential  cost  avoidance  is  arising  from  the 

AMST 

354 

r'-.-vC' 

substitution  of  GPS  for  one  of  the  components  of  the 

AC-X 

16 

' ;r  , 

dual  self-contained  systems  (primarily  the  Doppler  of 

KC-X 

108 

Doppler, /Inertial  hybrids)  is  estimated  in  the  next  section. 

E-3A 

32 

An  attractive  feature  of  the  GPS/Inertial  hybrid  is 

E-4/> 

13 

. 

the  added  jamming  margin  of  the  GPS  component  pro- 

ER-111A 

42 

/ ~ ? - 

vided  l>y  the  inertial  system.  The  benefits  arise  in  two 

VAMY 

i on 

> 

ways.  Assuming  that  the  satellite  signal  has  been  ac- 

V  nmA 
W AUIV 

V 4U 

t 1 

quired.  the  velocity  of  the  user  platform  is  accurately 

VAWa 

39 

measu  ed  by  the  inertial  system.  This  allows  the  Doppler 

KAX 

63 

shift  induced  by  the  vehicle  motion  to  be  corrected  for. 

COD 

23 

- 

This  permits  a narrow  width  of  the  code  tracking  loop 

Dual/lnertial 

and  increases  the  antijamming  margin.  In  addition,  if 

C-141 

279 

acquisition  is  lost  for  any  reason,  the  inertial  system 

(Modification) 

continuously  determines  the  position  of  the  platform. 

This,  allows  the  adjustment  of  the  “position”  of  the  internal  code  so  as  to  minimize  the 
scanning  time  ro  reacquire  (correlate)  the  satellite  code  signal. 


The  cost  avoidance  estimate  shown  for  the  case  of  the  dual  self-contained  systems 
does  not  give  any  credit  for  the  enhanced  capabilities  of  those  navigation  suites  for  which 
GPS  is  added  to  an  existing  single  self-contained  system.  Assuming  that  the  necessary 
integration  functions  are  performed,  these  systems  will  have  the  same  qualitative  perform- 
ance as  those  that  have  had  one  of  the  self-contained  units  removed.  The  major  differ- 
ences would  be  in  the  quality  of  the  inertial  system.  This  suggests  that  this  type  of  inertial 
system  or,  even  more  generally,  thr  type  of  “aiding”  sensor  to  be  used  with  GPS  (.if  any) 
should  be  examined  in  the  light  of  the  mission  requirements  of  the  platform.  The  NAV- 
STAR  GPS  program  office  is  part  of  the  Phase  I effort  and  is  examining  a number  of 
possible  aiding  sensors.  A General  Dynamics  Corporation  study1 0 considers  four  integrated 
systems  in  a preliminary  way.  They  are: 

9.  A Treat  he  on  Anti- dimming  Margin  of  an  tMU /Computer  aided  Global  Positioning  Navigation  System,  Aerospace  Corp., 
May  1974  (Unpublished  Draft). 

10.  Harrington.  R.,  “Auxiliary  Sensor  Study,”  General  Dynamics  Corp.,  1975  (Draft). 
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(1)  LDNS1 1 / AHARS1 2 /GPS 

(2)  Air  Data/GPS 

(3)  Strapdown  Inertial/GPS 

(4)  Gimbaled  Inertial/GPS 

This  preliminary  study  indicates  that  all  of  these  systems  have  some  potential  for  aiding 
acquisition  or  reacquisition-and  possibly  for  code  loop  velocity  aiding.  Only  the  inertial 
systems  have  the  necessary  technical  characteristics  to  provide  carrier  loop  aiding.  At  this 
time  the  results  are  too  preliminary  to  develop  firm  system  design  characteristics  and  costs. 

The  current  trend  appears  to  be  toward  the  Inertial/GPS  hybrid  combination  because 
of  the  added  antijam  margin.  However,  it  is  not  clear  what  the  optimum  inertial  system 
performance  (and  hence  cost)  levels  are.  Since  the  system  accuracies  are  bounded  by  the 
GPS  accuracies  when  both  systems  are  functioning,  selection  of  the  inertial  system  perform- 
ance should  be  based  primarily  on  the  expected  length  of  time  GPS  is  not  available  and 
on  required  terminal  position  accuracies. 

The  AHARS  and  the  Air  Data  Systems,  although  considerably  less  accurate  than  the 
inertial  systems,  are  installed  in  most  aircraft  whether  or  not  GPS  is  included.  Thus,  since 
some  benefit  could  be  derived  from  hybridizing  them  with  GPS,  they  have  a potential  for 
low  cost  platforms.  The  primary  design  uncertainty  of  this  application  is  what  added 
computer  capabilities  would  be  required  to  integrate  the  system.  If  provisions  are  made  for 
air  data  inputs  in  the  design  of  the  GPS  computer,  the  added  cost  may  be  very  small. 

c.  Cost  Analysis 

As  noted  in  the  foregoing  discussion,  operational  considerations  restrict  removal  of 
self-contained  systems  to  the  Doppler  systems.  The  average  annual  expenditure  for  all 
Doppler  systems  is  $33.5  million  of  which  $11  million  is  for  procurement  and  $22.5  million 
is  for  O&M.  The  cumulative  data  for  the  period  of  1976  through  1979  are  given  in  Figure 
9.  Approximately  30  percent  of  the  total  number  of  Dopplers  in  the' inventory  is  one  of  a 
pair  in  a dual  self-contained  system  (dual  Dopplers  are  counted  only  once).  Thus,  approxi- 
mately 30  percent  of  the  costs  cited  above  could  be  avoided  by  removing  dual  self-con- 
tained systems.  (The  duai  inertials  presently  are  a small  portion  of  the  total.)  The  30  percent 
portion  of  dual  systems  is  shown  on  Figure  9.  The  corresponding  average  annual  rates  are 
$3.3  million  for  procurement  and  $6.75  million  for  O&M  for  a total  of  $10  million.  The 
only  new  Doppler  system  identified  is  the  ASN-128  being  developed  by  the  Army. 
Procurement  plans  call  for  800  sets.  The  total  future  cost,  including  R&D,  is  about  $55 
million.  Provisions  are  included  for  hybridizing  the  ASN-128  and  the  LORAN  ARN-1 14. 

The  study  has  not  examined  the  potential  cost  implication  of  the  other  hybrid 
systems  using  the  Air  Data  System  or  the  AHARS  with  GPS.  However,  they  may  be  a 

11.  Lightweight  Doppler  Navigation  System. 

12.  Airborne  Heaomg  and  Attitude  B-forence  stem. 
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major  factor  in  the  feasibility  of  eliminating  the  single  Doppler,  which  would  be  a significant 
added  cost  avoidance. 

5.  pise  3:  Landing  Systems 

a.  System  Description 

Of  the  routine  functions  performed  by  aircraft,  the  one  requiring  the  most  precise 
aids  to  navigation  is  landing  under  instrument  meteorological  conditions  (IMC).  Because  of 
the  precision  required  and  the  catastrophic  effect  of  undetected  failures,  landing  procedures 
based  on  GPS  would  be  among  the  most  demanding  on  the  system.  All  military  aircraft  and 
a large  fraction  of  all  civil  aircraft  have  some  form  of  instrument  landing  or  approach  aid. 
The  primary  military  instrument  landing  system  is  the  3-D  Precision  Approach  Radar  (PAR) 
System.  The  user  equipment  required  is  minimal-a  voice  radio.  However,  the  ground 
equipment  is  substantial.  The  radar  system  and  associated  vans  or  structures  are  expensive 
and  must  be  manned  by  highly  specialized  controllers  who  essentially  talk  down  the  pilot. 
Civil  landing  systems  are  largely  “air  derived”;  that  is,  the  navigation  commands  are 
generated  in  the  aircraft  with  reference  to  some  fixed  path  generated  by  a ground  radio 
reference  system.  “ILS”  is  the  most  prevalent  of  these  systems  and  it  is  the  ICAO  standard 
system.  Because  of  the  high  cost  and  inflexibility  of  the  “ground  derived”  radar  systems, 
the  military  Services  initiated  the  development  of  various  microwave  landing  systems.  These 
systems  are  operationally  similar  to  ILS.  The  various  concepts  developed  differ  in  how  the 
flight  path  data  (glide  slope,  localizer,  and  distance)  are  generated.  The  FAA  has  been 
designated  as  the  executive  agent  for  microwave  landing  systems  to  select  the  standard 
technique  and  complete  development  for  both  military  and  civil  use. 

b.  Technical  and  Performance  Characteristics 

There  are  four  generic  classes  of  landing  approach  and  landing  aids;  they  are  sum- 
marized in  Table  21.,  Comparison  of  the  accuracy  requirements  shown  in  Table  21  with  the 
expected  performance  of  GPS  shown  in  Table  22  indicates  that  GPS  could  easily  fulfill  the 
requirement  for  the  nonprecision  approach. 

For  Category  I,  II,  and  III  landing  requirements,  given  in  Table  21,  GPS  accuracies  do 
not  appear  to  be  adequate.  The  primary  concern  is  with  the  vertical  error  since  the 
requirements  are  most  stringent.  Use  of  GPS  for  landing  systems  may  require  selection  of 
satellites  to  minimize  the  vertical  GDOP  at  the  expense  of  increased  horizontal  errors. 
However,  a significant  portion  of  errors  shown  are  due  to  factors  which  can  be  avoided  if 
differential  techniques  are  used.  Table  23  shows  the  expected  error  budget  for  the  Phase  III 
GPS  system  along  with  the  corresponding  budget  for  a differential  system. 

As  before,  there  appears  to  be  a potential  for  the  use  of  GPS  as  a landing  aid,  in  this 
case  for  Category  I.  However,  to  implement  the  differential  system,  a receiver  must  be 
precisely  located  on  the  approach  path  and  a data  link  provided  to  the  aircraft.  The  need 
for  the  ground  based  receiver  may  be  some  constraint  on  tactical  utilization  for  remote 


68 


UNCLASSIFIED 


Table  21.  Summary  of  Accuracy*  Requirements  of  Approach  and  Landing  Systems  ( meters ) 
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7ai/e  22.  Preliminary  r gn  Goals  for  GPS  User  Equipment 
Applicable  to  Approach  and  Landing  (Phase  III)* 
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Equipment  Class  and  Application 


Design 

Parameters 

A 

B 

C 

S 

High 

Performance 
Aircraft 
With  High 
Antijam 

High 

Performance 

Aircraft 

Mission 

Support 

Vehicles 

Spartan 
Very  Low 
Cost 

x,  y,  & zt 
(meters) 

8-14 

8-14 

30-40 

30 

x,  y,  & zt 
(knots) 

0.1 

0.1 

0.4 

No  Require- 
ment 

Timet 

30-50  nsec 

36-50  nsec 

18-25  nsec 

1 sec 

(Displayed) 

Time  to 

First 

Fix* 

80-180  sec 

30-1 50  sec 

200-300  sec 

10  min 

Antijam 

Margin 

MB) 

44 

44 

30 

30 

•Data  for  all  user  systems  are  given  in  Appendix  A. 
tTwo  sigma  limits. 

$90  percent  probability. 


Table  23..  Range  Error  in  GPS  Error  Budget  ( meters ) 


Phase  lll(2o I 

Phase  III  diff(2ol 

Space  Vehicle  Ephemeris 

6 

0 

Atmosphere 

0 

Group  Delay 

WE  I 

0 

Receiver  Noise 

3.0 

Multipath 

2.4-5.4 

2.4-5.4 

Total  RSS 

8.8-13.6 

3.8-B.2 

UNCLASSIFIED 
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unattended  bases;  however,  it  is  unlikely  that  a “first  landing"  Category  I approach  would 
ever  be  required  into  an  unimproved  base. 

Aside  from  the  accuracy  issues,  a major  advantage  offered  by  GPS  as  a landing  aid  is 
its  worldwide  availability.  In  the  case  of  non-precision  approaches  it  eliminates  the  need  for 
ground  systems  and,  in  the  case  of  the  higher  precision  category  approaches,  the  ground 
installation  may  be  somewhat  simpler  than  ILS  or  MLS.  These  characteristics  are  probably 
more  important  because  cf  the  tactical  flexibility  that  they  offer  than  for  the  potential  cost 
savings.  As  will  be  seen  in  the  next  section,  the  cost  savings  are  small  compared  to  other 
opportunities. 

The  operational  demonstrations  considered  in  Chapter  III  include  a demonstration  of 
approach  and  landing.  The  emphasis  of  the  demonstration  is  the  use  of  GPS  as  a landing  aid 
into  unprepared  bases  without  use  of  a ground  reference  system  (nonprecision  approach). 
Additional  demonstrations  and  tests  are  desirable  to  shed  some  light  on  the  practicality  of 
using  differential  GPS  for  precision  approaches,  particularly  Category  II. 

In  addition  to  accuracy  considerations,  the  use  of  GPS  as  a landing  aid  requires  the 
development  of  an  “approach  procedure”  for  each  landing  site.  Such  procedures  are 
published  for  pilot  use  in  the  fo*m  of  charts  (Figure  10  is  a sample).  Such  procedures  are 
established  after  considerable  survey  of  surrounding  terrain,  cultural  features,  electro- 
magnetic anomalies,  etc.  For  unimproved  sites,  the  establishment  of  an  approach  procedure 
on  short  notice  requires  somewhat  different  techniques  than  those  currently  used.  It  is 
expected  that  precise  (2-3  meter  elevation  error)  stereophoto  maps  of  the  site  and  sur- 
rounding area  (about  a 10-mile  radius)  would  be  the  primary  data  base  for  development  of 
such  approach  procedures. 

The  pilot  workload  and  opportunity  for  gross  errors  associated  with  the  present  ILS 
landing  systems  are  relatively  low.  It  is  only  necessary  to  dial  in  the  correct  frequency  and 
fly  the  aircraft  to  center  the  glide  slope  (altitude)  and  localizer  (heading)  needles  and 
note  passage  of  the  marker  beacons.  For  experienced  pilots,  the  procedure  is  instinctive  and 
gross  errors  are  immediately  apparent. 

Workload  problems  occur  primarily  in  terminal  areas  where  navigation  to  final 
approach  course  defined  by  the  ILS  usually  involves  a series  of  short  legs,  large  changes  in 
heading,  and  simultaneous  changes  in  altitude.  Currently,  this  is  done  by  “radar  vectoring” 
which  imposes  minimum  workload  on  the  pilot  but  considerable  workload  on  the  con- 
troller. R-NAV  based  on  GPS  on  the  other  hand,  would  transfer  the  load  to  the  pilot  who 
would  have  to  fly  to  a series  of  3-dimensional  “waypoints”  inserted  into  the  GPS  computer. 
Unless  some  very  simple  way  is  found  to  program  the  entire  sequence  into  the  system,  it  is 
doubtful  that  pilot  acceptance  will  be  obtained,  particularly  for  single-pilot  IFR  operations. 
All  of  the  present  R-NAV  systems  allow  for  the  manual  insertion  and  storage  of  waypoint 
coordinates,  one  by  one.  However,  gross  insertion  errors  which  are  highly  improbable  with 
VOR,  TACAN,  or  ILS  systems  are  possible  with  R-NAV.  Furthermore,  impromptu  changes 
in  desired  flight  profile  caused  by  traffic  and/or  weather  would  be  difficult  to  keep  up  with 
manually.  In  such  cases,  the  system  would  most  likely  fall  back  on  the  radar  vectoring 
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mode.  Recent  simulations' 3 by  the  FAA  with  live  controllers  have  indicated  that  controller 
work  load  as  measured  by  frequency  of  voice  contacts  could  decrease  considerably.  Whether 
this  observation  can  be  translated  into  fewer  controllers  is  not  known.  Equivalent  Simula* 
tions  with  live  pilots  have  not  yet  been  conducted,  and  the  extent  of  the  inprease  in  pilot 
workload  is  not  clear. 

c.  Cost  Analysis 

Currently,  the  military  Services  do  not  routinely  install  ILS  equipment  in  all  aircraft 
since  the  primary  instrument  approach  aid  is  the  Precision  Approach  Radar  (PAR).  How- 
ever, military  aircraft  that  are  expected  to  use  civil  airfields  in  the  course  of  normal 
operations  are  equipped  ‘.th  ILS.  These  include  primarily  the  cargo  aircraft.  In  addition, 
many  Air  Force  tactical  aircraft  are  being  equipped  with  ILS.  Figure  1 1 summarizes  the 
inventory  of  aircraft  and  costs  associated  with  ILS  user  equipment  in  military  aircraft.  The 
average  annual  cost  for  ILS  user  equipment  for  the  Services  is  $12  million  comprised  of 
$2.5  million  for  procurement  and  $9.5  million  for  O&M. 

In  addition  to  the  PAR  system,  many  military  airfields  are  equipped  with  ILS  to 
support  the  operation  of  civilian  tircraft  into  military  bases  as  well  as  equipped  military 
aircraft.  The  present  inventory  of  reference  systems  for  both  PAR  and  ILS  is  given  in  Table 
24  along  with  the  approximate  annual  O&M  costs  for  these  systems.  The  total  annual  costs 
for  ILS  for  both  user  equipment  and  reference  systems  for  the  U.S.  military  is  $23.3 
million.  For  the  PAR,  the  annual  costs  (the  $14.2  million  shown  in  Table  24)  are  for  the 
reference  systems  only  since  no  special  user  equipment  is  required. 

Table  24.  Inventory  and  Annual  Operation  and 
Maintenance  Costs  of  Precision  Landing  Aid  Reference  Systems 


U.S.  Military 

U.S.  Civilian 

System  Type 

inventory 

O&M  ($M,  1975) 

inventory 

O&M  (SM,  1975) 

PAR 

101* 

6 

1.38J 

ILS 

189 

II 

1,081 

65.0 

“Dost  not  include  any  Army  tystems-data  not  in  ECAC  data  bate. 

tlndudet  military  controller  cottt  bated  on  C controller  years  par  tat  at  $15,000  pay  and 
allowances. 

tlndudet  civilian  controller  cottt  bated  on  6 controller  yeert  par  sat  at  $30,000  pay  and 
allowances 


13.  Preliminary  Two-Dimensional  Area  Navigation  Terminal  Simulations,  FAA-RD-74-209,  FAA/DOT,  Washington,  D.C, 
February  1975,  UNCLASSIFIED. 
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The  Air  Force  is  planning  to  upgrade  the 
1LS  installations  at  its  bases  during  the  period 
covered  by  this  study.  The  total  expected  cost  of 
this  program  is  SIS  million.  Other  than  this  in- 
terim program  the  expenditures  for  landing  aids 
are  expected  to  be  small  until  MLS  becomes 
available  in  the  mid-1980s. 

The  planned  expenditures  for  new  landing 
aids  are  summarized  in  Table  25. 

6.  Case  4:  Air-to-Ground  Weapon  Delivery  or 

Navigation  Radars 

The  positioning  systems  which,  if  sup- 
planted by  GPS,  are  believed  to  create  the  most 
incentive  for  the  enemy  to  attack  GPS  are  the 
radar  systems  used  in  air-to-ground  weapon  de- 
livery. Thus,  such  a substitution  is  the  least  desir- 
able from  the  standpoint  of  assurance  of  com- 
pleting a bombing  mission.  Nevertheless,  given 
that  GPS  is  available.it  appears  to  be  a viable 
substitute  for  radar  bombing  as  currently  done. 

The  capabilities  of  the  current  weapon  de- 
livery radar  systems  are  such  that  the  ability  of 
the  aircrew  to  acquire  and  strike  targets  of  oppor- 
tunity is  for  practical  purposes  nonexistent.  Strikes  are  preplanned  using  prior  photographic 
or  radar  reconnaissance.  Release  points  are  determined  by  offset  beacons  or.  if  the  target  is 
distinctive  enough,  by  matching  radar  scope  photography  (actual  or  simulated).  In  either 
case,  impact  errors  are  intolerably  large  for  hard  targets.  This  entire  procedure  can,  in 
principle,  be  performed  with  GPS.  The  resulting  accuracy  would  probably  be  better  by  as 
much  as  an  order  of  magnitude  (not  including  weapon  dispersion).  GPS  alone,  however,  has 
no  potential  to  strike  targets  of  opportunity, either  moving  or  stationary. 

The  development  of  new  strike  radar  systems  (i.e.,  Electronically  Agile  Radar  (EAR) 
and  exploitation  of  the  FLAMR  technology  is  underway  and  is  expected  to  lead  to  a capability 
to  acquire  and  effectively  strike  targets  of  opportunity,  including  hard  targets  with  homing 
weapons.  The  cost  of  such  systems  would  be  high,  on  the  order  of  $800  thousand  each.  The 
most  conservative  approach  at  this  time,  would  appear  to  be  a continued  development  of  the 
technology  of  precision  radar  weapon  delivery  to  the  point  of  tactical  demonstration  and  a 
more  solid  definition  of  costs  and  concurrent  development  of  the  techniques  for  blind 
bombing  using  GPS  as  \ backup  system  to  the  advanced  radar.  In  addition,  because  of  their 
approximate  equivalence  in  performance,  some  consideration  should  be  given  to  the  practi- 
cality of  phasing  out  current  radar  systems  as  GPS  becomes  available. 
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Table  25.  Planned  Total  Expendi- 
tures for  New  Military  Landing  Aids, 
19/8-1980 


User  Equipment 

$M 

(1975) 

R&D 

Military  Share  of  National  MLS 
Development 

38 

ILS  Mod  Program 

35 

Ground  Reference  Systems 

R&D* 

0 

Procurement 

GRN27 

15 

TPN19 

46 

Product  Improvement 

13 

Total 

147 

*MLS  ground  reference  R&D  included  in  $38 
million  for  user  R&O. 
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The  radar  systems  considered  by  this  study  as  candidates  for  phase-out  are  given  in 
Table  26  along  with  the  aircraft  on  which  they  are  installed  and  the  approximate  inventory 


Table  26.  Radar  Systems  Used  for 
Weapon  Delivery,  Navigation,  or  Mapping 


Radar  System 

Installed 

On 

Average 

Quantity 

APD-7 

RA-5C* 

14 

APQ-83 

RF-4B 

2i 

APQ-99 

RF4B,  C 

350 

APQ-100 

R-4C 

120 

APQ-102 

RF-4B,  C 

350 

APQ-109 

FID 

327 

APG-112 

TC-4C,  A-6E 

205 

APQ-113 

F-111A,  E 

150 

APQ-114 

FB-111A 

70 

APQ-116 

A-7A/B 

55 

APQ-120 

F-4E 

631 

APCF122 

T-43A 

17 

APQ-124 

F-8J* 

7 

APQ-126 

A7C/D/E 

740 

APQ-129 

EA-6B 

50 

APQ-130 

F-111D 

82 

APQ-144 

F-111F 

206 

APQ-146 

F-111F 

206 

APQ-148 

A-6E 

195 

APN-59 

Cargo  & 
Tankers 

1,550 

APS-42 

C-97 
C-118, 
C-121, 
C-1 31  * 

55 

APS-116 

S-3A 

136 

ASB-16 

B-52G/H 

230 

TOTAL 
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of  each  system.  All  of  the  radars  listed  have  at  least  an  air-to-ground  weapon  delivery  or  a 
navigation  or  a mapping  capability.  As  noted,  they  number  about  5,500.  In  most  cases  these 
radars  have  additional  capabilities-such  as  air-to-air  intercept-which  cannot  be  supplied  by 
GPS.  The  radars  that  have  only  an  air-to-ground  weapon  delivery,  or  navigation  or  a 
mapping  function  replaceable  by  GPS,  are  indicated  in  the  table.  There  are  about  580  of 
such  radars.  These  are  the  only  radars  which  could  be  replaced  by  GPS  without  a marked 
degradation  in  the  capabilities  of  the  aircraft.  The  functions  that  would  be  lost  if  the  other 
radars  were  phased  out  are  primarily  air-to-air  search  and  weapon  delivery  on  air  superiority 
fighters,  terrain  following  and  avoidance  on  attack  aircraft,  and  surface  search  on  NuVy 
patrol  and  attack  aircraft. 

It  is  conceivable  that  some  greater  number  than  580  of  the  current  radars  could  be 
phased  out.  The  factors  that  would  influence  such  a decision  include  the  development  of 
new  radar  systems  as  noted  before  and  the  changing  role  of  the  F-4  with  the  advent  of  the 
F-14,  F-15  and  F-16  aircraft  and  their  air  superiority  role.  If  the  air-to-air  role  of  the  F-4  is 
downgraded,  then  approximately  600  additional  radars  might  be  phased  out. 

The  Air  Force  is  currently  conducting  a study  of  these  and  other  issues  concerning 
the  needs  for  and  use  of  radars  in  aircraft.  When  completed,  this  study  should  shed  more 
light  on  the  potential  cost  avoidance  resulting  from  the  use  of  GPS  rather  than  radars  for 
weapon  delivery. 

In  addition  to  the  airborne  radars,  a ground-based  radar  bombing  system  is  currently 
under  development  by  the  Air  Force  (Ground  Directed  Bombing/Radar  Bomb  Scoring 
(GDB/RBS)  system).  This  system  would  be  used  to  vector  aircraft  to  the  target  and  to  score 
the  results.  These  functions  could  be  readily  accomplished  with  GPS. 

Cost  Analysis.  The  cost  to  operate  and  maintain  all  of  the  airborne  radars  with  a 
weapon  delivery  capability  is  approximately  $69.3  million  per  year.  Roughly  1 0 percent  of 
this,  or  $7  million,  is  avoidable  if  the  two  current  radars  (APQ-102  and  ASB-16),  which  are 
used  only  for  weapon  delivery,  are  phased  out. 

These  estimates  are  believed  to  be  conservatively  low.  As  noted  above,  a more 
detailed  investigation  of  the  demonstrated  value  of  the  additional  capabilities  of  multi- 
purpose radars  may  indicate  that  these  aaditional  functions  alone  do  not  justify  their 
continued  use  in  view  of  the  cost.  If  this  is  found  to  be  true,  the  potential  cost  avoidances 
increase  accordingly.  Eliminating  the  APQ-120  from  the  F-4E  alone  would  provide  an 
additional  10  percent  in  cost  avoidance. 

The  cost  analysis  is  based  on  continuing  to  use  the  listed  systems  in  future  aircraft  at 
approximately  $100,000  to  $150,000  per  system.  However,  the  development  of  EAR  and 
the  use  of  FLAMR  technology  will  result  in  systems  that  will  cost  on  the  order  of 
$800,000  or  more.  If  the  technology  and  related  tactics  are  successfully  developed,  these 
systems  will  have  a target  of  opportunity  capability  which  cannot  be  duplicated  by  GPS. 
Thus,  the  high  cost  systems  are  not  potential  sources  of  cost  avoidance.  Neither  the  R&D 
nor  the  procurement  of  these  systems,  has  been  included  in  the  analysis.  The  GDB/RBS 
procurement  and  support  costs  are  included,  however.  The  estimates  for  the  GDB/RBS  costs 
are  $60  million  for  procurement  and  $3.3  million  annually  for  O&M. 

77 

UNCLASSIFIED 


UNCLASSIFIED 


B.  SUMMARY  AND  ANALYSIS  OF  COST  AVOIDANCE 

This  section  collects  the  cost  data  on  conventional  systems  presented  in  the  previous 
sections  to  summarize  the  potential  gross  cost  avoidance  that  could  result  from  a 
phase-out  of  current  systems.  Additionally  the  costs  of  GPS  developed  in  Chapter  II  are 
summarized  in  a similar  format.  Together,  these  two  sets  of  data  make  it  possible  to 
estimate  net  cost  avoidance  and  a breakeven  period  for  each  case  of  interest. 

To  provide  an  appreciation  of  the  effect  of  uncertainty  on  the  net  cost  avoidance,  the 
GPS  costs  as  developed  from  data  supplied  by  the  Joint  Program  Office  were  used  directly 
as  a lower  estimate  and  increased  by  arbitrary  but  reasonable  factors  to  obtain  an  upper 
estimate. 

In  all  of  the  explicit  calculations,  the  effective  discount  rate  (discount  rate  less 
inflation  rate)  is  assumed  to  be  zero  and  costs  are  in  terms  of  1975  dollars.  Tile  effect  of  a 
finite  discount  rate  is  to  increase  the  breakeven  period.  The  effect  is  small  for  short 
breakeven  periods  and  large  for  periods  greater  than  10  to  15  years. 

It  is  emphasized  that  the  breakeven  periods  have  meaning  only  if  GPS  and  the 
conventional  systems  provide  equivalent  capabilities.  If  GPS  provides  an  added  capability, 
then  there  may  be  an  implicit  operational  cost  advantage  of  GPS  that  is  presently  unmeasur- 
able in  dollars,  as  noted  in  the  beginning  of  this  chapter.  With  this  caveat,  the  breakeven 
period  is  useful  as  a figure  of  merit  to  aid  in  rating  the  various  alternative  cases.  Obviously, 
die  shorter  the  breakeven  period  the  better,  all  other  things  being  equal 

The  major  cost  parameters  used  in  the  summary  are 

Conventional  Equipment 

• The  average  annual  cost  of  operating  and  maintaining  the  conventional  user 
equipment  plus  new  procurements  of  conventional  equipment  for  new  user 
platforms. 

• Cost  of  R&D  and  procurements  of  new  designs  of  conventional  equipments 
that  would  be  needed  in  the  absence  of  GPS. 

GPS 

• Initial  investment  in  the  space  and  control  segment  to  deploy  the  initial 
complement  of  satellites. 

• The  average  annual  cost  of  supporting  this  space  and  control  segment. 

• The  initial  investment  in  user  equipment  to  retrofit  the  fleet.  This  includes  the 
cost  of  equipment  plus  costs  of  installation. 

• The  average  annual  cost  of  operating  and  maintaining  the  u t equipment  plus 
procedures  for  new  user  platforms. 

Strk  ,ly  speaking,  the  annual  costs  ref  :rred  to  above  are  variable  year  to  year  and  a Tigorous 
treatment  should  consider  this  variation.  However,  in  view  of  the  uncertainties  in  all  of  the 
cost  data  and  the  rather  small  variation  it.  the  annual  costs  as  displayed  by  the  graphs  in  the 

78 


UNCLASSIFIED 


UNCLASSIFIED 

previous  sections,  it  is  judged  that  average  values  produce  acceptable  accuracy.  This  approxi- 
mation greatly  simplifies  the  arithmetic  and  provides  res'  us  that  are  more  readily  under- 
stood and  verified.  The  various  average  annual  costs  are  derived  from  the  detailed  annual 
calculations  using  the  computer  model  described  in  Appendix  B,  which  takes  into  account 
the  projected  variation  in  force  levels  and  suite  compositions.  The  basis  and  sources  for  the 
costs  analyses  are  summarized  below. 

1.  Cost  of  Conventional  Navigation  Systems 

The  costs  of  conventional  systems  shown  in  Table  27  and  individually  in  preceding 
sections,  are  based  on  a buildup  of  detailed  cost  of  equipment  and  user  platform  data  with 
projections  into  the  future  using  the  computer  model. 

The  basic  data  needed  for  the  computations  are  of  three  kinds:  Force  Structure, 
Navigation  Suite  Composition,  and  Cost  of  Specific  Navigation  Systems.  The  sources  used 
for  these  data  and  the  adjustments  made  are  summarized  below.,  * 

Force  Structure.  The  quantity  of  each  type  of  user  platform.  e.g.,  number  of  A-7Cs, 
was  derived  from  various  sources  described  in  IDA  Note  834.* 4 bince  these  sources  are 
changing  almost  continuously  and  do  not  always  agree  either  in  quantity  or  in  platform 
designation,  some  adjustments  were  necessary  to  derive  a consistent  force  structure  for  the 
time  period  encompassed  by  the  study.  It  is  emphasized  that  the  results  are  used  to  develop 
approximate  quantities  of  equipments  required  and  do  not  represent  formal  DoD  long  range 
planning. 

Navigation  Sui'es.  The  navigation  suites  of  the  various  specific  user  platforms  were 
obtained  from  the  computer  files  of  the  Electromagnetic  Compatibility  Analysis  Center 
(ECAC).  A previous  IDA  study1  s had  compiled  an  extensive  suite  composition  data  base 
from  the  ECAC  data.  This  data  base  was  used  for  current  platforms  without  change.  The 
force  structure  identifies  platforms  that  have  not  yet  progressed  to  the  point  of  having  a 
designated  navigation  suite.  For  these  cases  the  study  group  assigned  a suite  by  analogy  with 
current  platforms  with  similar  missions.  The  detailed  data  base  is  voluminous  and  of  limited 
interest  and  is  thus  not  reproduced  in  this  report.  It  is  available  to  interested  parties. 


14.  IDA  Note  834,  Force  Structure  Supplement  to  IDA  Report  R-21 7 SECRET.  Sources  cited  in  this  note  are: 

USAF,  DCS/Programs  and  Resources:  USAF  Program,  Aerospace  Vehicles  and  Flying  Hours,  VoL  I,  Aircraft  and 
Flying  Hours  by  M/D/S  (PA  77-1,,  VoL  1);  6 January  1975,  SECRET., 

Department  of  the  Navy,  Five  Year  Program-Ships  and  Aircraft  Supplemental  Data  Tables  (SASDT),  24  January 
1975,  SECRET. 

August,  Joseph,  et  al;  1974  Extended  Planning  Annex ; Center  for  Naval  Analysis,  CNA  1211-74,  26  July  1974, 
SECRET. 

Department  of  the  Army,  Office  of  the  Director  of  Program  Analysis  and  Evaluation;  Chief  of  Staff,  Army; 
FYI969-82  Five  Year  Defense  Program,  Program  2,  General  Purpose  Forces;  24  January  1975,  SECRET. 

U.S.  Army,  DCS  for  Rev-.,ch  Development,  and  Acquisition,  Procurement  Programs,  Summary  Hem  Readiness  Studies 
( Exhibit  P-20),  FY77/81  Program  Objective  Memorandum  (POM),  Annex  B;  9 May  1975,  CONI  .,.;rnAL. 

U.S.  Army,  Office  of  the  Chief  of  Research,  Development,  and  Acquisition,  machine  listing  cl  Arrtv  aircraft  inventor, 
projections  by  model  and  supplementary  listing  of  inventory  as  of  31  March  1975  by  model,  eries 

15.  "Study  of  A Functional  Area  Summary  For  Navigation”  IDA  Report  R-204,  November  1974,  oECt-T. 

79 

UNCLASSIFIED 


UNCLASSIFIED 


Table  27.  Summary  of  the  Gross  Annual  Average 
Cost  A voidance  Potential  for  the  Systems 
Considered  in  this  Study 

( millions  of  1Q75  dollars) 


System 


Enroute 

LORAN 

TACAN 

VOR/DME 


OMEGA 
Total  Enroute 


DOPPLERS 
Redundant  Dopplers 
Remaining  Dopplers 

Total  Dopplers 


Landing  Aids 


Total  Landing  Aids 


Bomb/Nav  Only 
(APQ-102  & ASB-16) 

Bomb/Nav  plus  other 
functions 

GDB/RBS$ 

Total  Radars 


User  Reference 

Equipment  System  Additional  R&D 

(per  year)  (per  year f end  Procurement  * 


•Tat* I planned  m p*n  Jitnms  for  new  "AN"  systems  prior  to  1900. 
tlncludes  $600,000  for  V3RTAC. 

{Ground  Directed  Bombing/Radar  Bcnh  Scoring  Systems. 


UNCLASSIFIED 


UNCLASSIFIED 

Equip  nent  Costs.  Approximately  300  distance  navigation  systems  have  been  identi- 
fied as  being  currently  in  use.  Cost  data  of  varying  quality  and  completeness  have  been 
obtained  on  about  100  of  these  systems.  The  detailed  cost  data  used  in  this  analysis  are 
given  in  Chapter  II.  The  systems  listed  in  Chapter  II  comprise  over  90  percent  of  all  of  the 
current  installations.  For  those  systems  for  which  cost  data  could  not  be  obtained,  a 
“generalized”  system  cost  was  used  that  is  the  average  of  the  available  data.  For  LORAN 
there  are  two  categories  of  generalized  systems  that  are  defined  herein  as  “low  cost”  and 
“high  cost.”  Typically  the  distinction  arises  in  the  degree  to  which  the  signal  acquisition 
process  is  automated  and  the  type  of  user  platform.  The  high  cost  systems  are  highly 
automated  and  are  used  on  aircraft.  Low  cost  systems  require  more  manual  intervention  and 
interpretation  and  are  most  often  found  on  ships.  Operations  ana  maintenance  costs  were 
applied  as  factors  on  the  corrected  acquisition  costs.  Again  historical  data  were  used  when 
available  to  derive  the  factors  and  averages  used  to  fill  gaps  in  the  data. 

The  force  structure,  na-igation  suites  and  cost  data  were  combined  in  a straight- 
forward way  to  obtam  annual  inventory  levels,  new  procurement  requutments  and  annual 
support.  In  some  instances,  user  platforms  phased  out  of  service  generated  a surplus  of 
equipment  that  was  usable  as  spares  and  as  new  installations  for  those  platforms  which 
were  increasing  in  number.  For  any  given  AN  number,  this  surplus  was  credited  against  new 
requirements.  Exchanges  between  types  were  not  considered,  i.e.,  ARN-52  TACAN  was 
substituted  for  an  AN-84  TACAN. 

The  final  output  of  the  computation  is  the  annual  costs  of  a given  system  type1 6 
(i.e.,  TACAN).  The  annual  costs  are  in  two  categories-new  installations  and  operations  and 
maintenance  costs.  From  these  outputs,  the  cumulative  cost  curves  in  the  preceding  sections 
and  the  average  values  of  system  costs  shown  in  Table  27  were  developed.  The  reference 
system  costs  in  Table  27  were  derived  from  the  inventories  shown  in  Tables  13  and  24 
combined  with  operation?!  test  data  from  the  DOT.17  DOT  data  were  used  here  under  the 
assumption  that  for  similar  systems  there  would  be  no  appreciable  difference  between 
military  and  civilian  system  costs. 

Included  in  Tfw  27  (last  cc’umn)  is  a summary  of  costs  associated  with  the 
introduction  of  nev.  conventional  equipments.  For  the  most  part,  these  equipments  are 
placements  for  or  alternatives  to  equipment  already  available.  In  most  cases,  their  functions 
can  be  satisfied  by  GPS.  The  principal  questionable  cases  are  the  new  precision  landing  aids 
that  have  been  discussed  earlier  and  the  advanced  radars  for  which  no  cost  avoidance 
potential  is  credited.  The  motivation  for  the  development  of  these  new  systems  in  the  first 
place  was  dlrratisfaction  either  with  the  operating  costs  or  the  performance  of  both  of  the 
systems  then  available.  If  the  procurement  of  any  of  these  systems  is  halted  in  the 
antjeioation  of  GPS  then  an  additional  period  of  dissatisfaction  on  the  part  of  the  user  will 
resu’t.  unless  the  GPS  IOC  is  roughly  the  same.  For  -ril  of  the  systems,  the  IOC  is  no  later 
than  1980  except  for  MLS  whose  IOC  data  has  no.  been  set.  This  indicates  that  schedules 

Is.  Oth«r  asgi-ega lions  are  possible  in  the  program  as  described  in  Appendix  B. 

Aviation  Cost  AUo«t!on  Study,  Department  of  Transportation,  1972. 
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are  approximately  parallel.  Realistic  acceleration  of  the  GPS  schedule  would  engender  some 
confidence  in  the  user  that  his  needs  will  be  fulfilled.  Conversely,  the  ever  present 
possibility  of  slippage  in  the  GPS  schedule  will  result  in  a hesitancy  to  halt  procurement. 
Unfortunately,  most  of  the  programs  are  already  in  the  early  procurement  stages  and  any 
delay  in  the  decision  to  halt  reduces  the  avoidable  expenditures.  Although  no  detailed  study 
has  been  made  of  the  planning  of  these  programs,  it  is  clear  that  a 2-year  delay  in  the 
decision  would  eliminate  most  of  the  potential  savings. 

2.  GPS  Costs 

a.  User  Systems 

The  aggregate  costs  of  GPS  user  equipments  shown  in  Table  28  were  developed  using 
the  force  model  in  the  same  way  as  the  conventional  equipments.  The  basic  unit  cost  data, 
however,  are  necessarily  predictions.  The  most  authoritative  cost  estimates  available  for  GPS 
user  equipment  are  those  developed  by  the  GPS  Joint  Program  Office  at  SAMSO.  They  are, 
nevertheless,  highly  speculative  since  they  have  no  historical  basis  and  they  are  based  on 
design  details  and  a state  of  the  art  that  is  not  well  defined.  For  these  reasons,  it  appeared 
desirable  to  use  a range  of  GPS  user  system  costs  to  estimate  the  sensitivity  of  any 
conclusions  to  cost  uncertainty.  Historically,  estimates  of  future  costs  have  been  biased  on 

Table  28.  Summary  of  GPS  System  Costs  To  Equip 
All  Military  Aircraft  and  Naval  Ships 

(millions  of  1975  dollars) 


12  Satellite  System 
(Cases  1 & 2) 


24  Satellite  System 
(Cases 3&  4) 


Space  & Control  Segments 
RDT&E 


Annual  Costst 

71-87 

127- 

159 

User  Equipment 

Case  3 

Case  4 

Initial  Costs* 

315-630 

698-1196 

666-1332 

Annual  Costs  t 1 

18-36 

40-80 

44-88 

*0&M  and  equipment  replacement. 

tlnftiai  procurement  of  installed  hardware,  spares,  and  spare  parts. 

Note:  Lower  values  of  the  ranges  are  based  on  data  provided  by  the  JPO.  Higher  values  represent 
possible  increased  costs  assumed  by  this  study. 
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th;  low  side.  This  result  is  understandable  given  the  optimism  of  management  and  the 
pervasiveness  of  unforeseeable  problems.  In  view  of  the  complexity  of  GPS  receivers  and  the 
nature  of  the  technology,  a factor  of  two  range  of  uncertainty  in  user  costs  is  not 
unreasonable.  This  factor  was  applied  to  the  JPO  unit  costs  estimates  to  obtain  the  higher 
values  shown  in  Table  28. 

The  aggregate  estimates  shown  in  Table  28  are  proportional  to  the  quantities  pro- 
cured (on  the  order  of  23,000)  since  cost-quantity  relationships  were  not  assumed  by  the 
JPS.  This  is  consistent  with  the  current  procurement  practices.  Cost  reductions  might  be 
obtainable  by  larger  quantity,  multi-year  production  contracts,  but  this  procurement 
method  for  avionics  equipment  is  rare.  Retrofit  costs  were  applied  tv  the  basic  receiver 
costs  in  the  computation  of  Table  28  as  a factor  on  the  basic  cost.  A factor  of  1.2  was 
applied  for  the  Class  C sets  used  in  Cases  2 and  3 and  a factor  of  1.3  for  the  Class  A and  B 
sets  used  in  Cases  3 and  4.  These  retrofit  costs  were  applied  only  to  the  initial  installation 
in  existing  platforms  as  added  costs  to  GPS.  Installation  costs  for  new  aircraft  are  assumed 
to  be  the  same  f^r  conventional  and  GPS  equipment  and  it  thus  does  not  affect  the  net 
cost  avoidance. 

Interface  modules  which  permit  the  navigation  receivers  to  be  connected  to  other  user 
equipment,  such  as  displays,  are  not  included  in  the  cost  analysis.  It  was  not  possible  to 
determine  the  extent  that  such  items  have  been  included  in  the  historical  cost  of  con- 
ventional equipment.  It  is  believed  to  be  smal’  and  if  so  the  assumption  would  have  no 
effect  on  net  cost  avoidance. 

b.  Space  and  Control  Segment 

The  costs  of  the  space  and  control  segments  were  derived  directly  from  the  detailed 
data  supplied  by  the  JPO.  These  data  were  aggregated  into  two  categories.  The  first  is 
“initial  investment”  and  includes  all  of  the  costs  incun'ed  up  to  and  including  the  initial 
complement  of  satellites.  The  second  is  the  average  annual  operating  costs  required  to 
maintain  the  space  and  control  segment  in  its  required  configuration.  These  operating  costs 
include  satellite  launches  to  replace  those  reaching  the  end  of  their  expected  life.  The 
advantage  of  this  division  is  that  it  avoids  the  need  to  deal  with  detailed  time  phased  cost 
estimates  in  the  net  cost  avoidance  analysis.  The  costs  of  the  space  and  control  segment  are 
summarized  in  this  way  in  Table  28  along  with  the  user  equipment  costs. 

The  uncertainty  in  the  costs  of  the  space  and  control  segment  were  treated  in  a 
somewhat  different  fashion  than  that  of  the  receivers.  There  are  considerable  historical  data 
on  the  costs  to  conduct  satellite  operations.  Thus,  the  strictly  operational  aspect  of 
launching  satellites  and  subsequent  orbital  operations  and  monitoring  should  be  reasonably 
well  determined  and  the  cost  known.  The  uncertainty  lies  in  the  satellite  lifetime  and  with 
the  clocks  in  particular.  At  this  time,  no  space-qualified  atomic  clock  is  available.  In 
addition,  the  earth-bound  technique  for  achieving  continuous  availability  of  precise  time 
(e.g.,  at  the  Naval  Observatory)  is  to  use  a much  higher  level  of  redundancy  (tens  of  clocks 
rather  than  the  two  planned  for  GPS).  For  these  reasons,  the  5.5-year  satellite  lifetime 
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currently  assumed  may  be  optimistic.  The  higher  space  and  control  segment  costs  shown  in 
Table  28  are  based  on  a launch  schedule  that  assumes  a 4-year  satellite  lifetime.  The 
reduction  in  expected  life  time  may  be  due  to  any  cause.  However,  at  this  time  it  appears 
that  the  clock  will  be  the  controlling  factor.  Excess  consumption  of  consumables  and 
unforeseen  component  stresses  are  the  other  posibilities;  however,  the  design  standards 
appear  to  be  conservative. 

3.  Net  Cost  Avoidance 

The  net  cost  avoidance  as  defined  in  this  study  is  the  cost  of  continuing  to  use  and 
to  support  the  cost  of  the  conventional  systems  considered  in  the  four  cases  less  the  cost  of 
providing  equivalent  GPS  services.  The  major  cost  parameters  have  been  summarized  in  the 
preceding  section. 

At  this  time  there  are  a number  of  alternative  courses  of  action  for  the  GPS  program. 
These  courses  of  action  interact  with  the  feasibility  of  removal  of  conventional  equipment 
and  have  a marked  effect  on  net  cost  avoidance.  Table  29  summarizes  the  parameters  and 
levels  which  are  included  in  the  development  of  net  cost  avoidance  and  breakeven  period. 

Ground  forces  were  handled  separately  since  the  various  “cases”  did  not  apply  to 
these  systems.  Currently  the  ground  forces  do  not  use  navigation  systems  of  the  type 
considered  in  this  study.  Thus,  they  have  no  current  operating  costs  which  might  be  avoided. 
The  Army  does  have  one  program  that  will  result  in  substantial  future  procurement,  the 
PSN-6  Manpack  Loran  described  earlier.  PSN-6  is  included  in  the  breakeven  computation. 

Table  28  summarized  the  cost  of  the  various  GPS  alternatives.  Note  that  Cases  1 and 
2 are  identical  insofar  as  GPS  costs  are  concerned.  The  diiierences  arise  from  the  equipment 
removed.  The  space  segment  for  Cases  1 and  2 is  a 12-satellite  system  that  is  expected  to 
be  adequate  for  2-D  worldwide  navigation  and  a limited  3-D  capability  over  CONUS  for  test 
purposes. 

Cases  3 and  4 differ  only  in  the  respect  that  in  Case  4 some  platforms  are  given 
Class  A GPS  sets  having  a high  antijam  capability. 

The  results  of  the  net  cost  avoidance  computations  are  shown  in  Table  30.  The  net 
differences  in  initial  investment  and  in  annual  operating  costs  are  shown  separately  and  the 
quotient,  net  initial  investment  divided  by  net  annual  operation  costs,  yields  the  time  to 
amortize  the  initial  investment. 

To  the  approximation  used  in  the  study,  the  effect  on  GPS  costs  of  varying  the  IOC 
date  of  a given  GPS  alternative  is  negligible.  The  effect  of  IOC  date  arises  only  in  the  ability 
or  desirability  of  avoiding  R&D  procurement  of  new  conventional  systems.  Thus  there  are 
in  reality  only  two  kinds  of  IOC  dates  “early”  and  “late”.  Early  IOC  is  defined  as  early 
enough  to  avoid  the  R&D  and  procurement  and  a representative  date  is  1980,  late  IOC  is 
defined  as  too  late  to  avoid  procurement  of  these  systems. 

All  of  the  variety  of  GPS  “plans”  using  the  “low”  GPS  cost  estimate  are  self- 
amortizing;  that  is,  the  costs  of  operating  GPS  are  sufficiently  less  than  that  of  current 
systems  that  the  initial  investment  in  GPS  will  be  recouped.  However,  the  amortization 
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\ Table  29.  Parameters  and  Levels  Used  in 
' the  Estimation  of  Net  Cost  Avoidance 


Gl-S  PARAMETERS 

1.  GPS  Cost  Range 

a.  Lower:  Based  on  JPO  data 

b.  Higher:  2 times  receiver  costs  and  reduced  satellite  lifetime 

2.  GPS  System  Type 

a.  High  dynamics,  high  antijam,  high  accuracy 

b.  High  dynamics,  high  accuracy 

c.  Moderate  accuracy 

3.  Space  and  Control  Segment 

a.  Sufficient  satellites  for  2-0  positioning  and  navigation 

b.  Full  complement  of  satellites 

4.  Year  of  IOC 

a.  Early-New  procurements  of  conventional  systems  can  be  avoided. 

b.  Late-New  procurements  of  conventional  systems  cannot  be  avoided. 

CURRENT  SYSTEM  PARAMETERS 

1.  Casel:  Remove  enroute  systems 

2.  Case  2:  Remove  enroute  systems  and  Doppler  systems 

a.  Redundant  Dopplers 

b.  All  Dopplers 

3.  Case  3:  Remove  enroute  systems,  dual  self-contained  capability,  and  landing  systems 

4.  Case  4:  All  of  the  above  plus  remove  weapon  delivery  radars 

a.  Radars  with  only  air-to-ground  weapon  delivery  or  navigation  capability. 

b.  Radars  with  air-to-ground  weapon  delivery  or  navigation  and  other  capabilities. 


periods  vary  considerably  and  in  Case  3 are  unpractically  long.  The  cost  computations  have 
assumed  constant  1975  dollars  and  a discount  rate  has  not  been  applied.  If  the  latter  factor 
is  introduced  the  slow  payoff  alternatives  become  even  less  attractive  from  the  point  of 
view  of  being  self-amortizing. 

The  greatest  potential  payoff  is  given  by  Case  2.  Breakeven  could  be  achieved  in 
approximately  20  years.  An  eight  year  breakeven  period  could  be  realized  if  all  Dopplers 
were  removed.  Removal  of  all  Dopplers  requires  further  detailed  examination  to  determine 
the  effect,  if  any,  on  mission  capability. 

Implementation  of  the  full  3-D  GPS  capability  (Cases  3 and  4)  pays  off  only  if  it  is 
possible  to  remove  most  of  the  high  cost  radar  systems.  The  potential  of  GPS  as  a precision 
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Table  30.  Net  Cost  Avoidance  Summary 
(millions  of 1975  dollars) 


Nit  Initial  Inmtmant 
[GPS  mint*  Bam  Cam 1 

Nat  Roaming 
Procuruma-t  + OBM 
18am  jtomlnua 
GPS] 

Yoon  to  Brmkaaan 

Cam 

Naw  Procuramant 
Indudad 

In  Bam  Cam 

Naw  Procuramant 
Not  Indudad 

u.  Bam  Cam 

Naw  Procuramant 
Indudad 
in  Bam  Cam 

Naw  Procuramant 
Not  Indudad 

in  Bam  Cam 

Cum  1 (Remove 
Enrou  t«  Systems) 
Norm  ml  (JPO) 

668 

844 

31.2 

18 

27 

High  (HA) 

877 

1,180 

-2.7 

— 

- 

Cm2  (Cm*  1 and 
remove  redundant 
Doppler) 

Nominal  (JPO) 

E06 

844 

413 

12 

20 

High  (IDA) 

822 

1,180 

73 

112 

160 

Casa  2A  (Cat*  1 and 
remove  all  Dopplar) 
Nominal  (JPO) 

608 

844 

64.7 

8 

13 

High  (IDA) 

822 

1,180 

30.8 

27 

38 

Casa  3 (Chat  2 and 
removing  landing 
aida) 

Nominal  (JPO) 

827 

1.361 

0.7 

1.200 

2.000 

High  (IDA) 

1.470 

1,959 

-71.0 

- 

- 

Caaa  3A  (Casa  2A  and 
remove  landing 
aids) 

Nominal  (JPO) 

827 

1361 

24.1 

36 

56 

High  (IDA) 

1,470 

1,950 

-47.8 

- 

- 

Caaa  4 (Casa  3 and 

limited  removal  of 
bomb/nav  radars) 
Nominal  (JPO) 

880 

1,429 

113 

80 

130 

High  (IDA) 

1356 

2,095 

-60.7 

Gate  4A  (Case  3A  and 
limited  removal  of 
bomb/nav  radars) 
Nominal  (JPO) 

880 

1.429 

34.5 

28 

41 

High  (IDA) 

1.666 

2,095 

-37.3 

- 

Case  48  (Cate  3 and 

remove  bomb/nav  radert) 
Nominal  (JPO) 

880 

1,429 

693 

13 

22 

High  (IDA) 

1.666 

2.096 

943 

- 

- 

Casa  4C  (Case  3A  and 

remove  bomb/nav  radars) 
Nominal  (JPO) 

880 

1,429 

92.8 

9 

16 

High  (IDA) 

1,668 

2,095 

17.0 
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landing  aid  is  too  problematical  at  this  time  and  the  avoidance  potential  too  small  to  offset 
alone  the  higher  cost  of  the  additional  satellites. 

As  noted  in  the  discussion  of  weapon  delivery  radars,  there  is  considerable  uncer- 
tainty as  to  the  feasibility  of  removing  all  or  even  most  of  the  weapon  delivery  radars  that 
are  installed  in  aircraft.  This  situation  results  in  a cost  avoidance  potential  that  is  conserva- 
tively low,  if  only  the  radars  which  are  exclusively  for  weapon  delivery  are  removed. 

The  “high  cost”  GPS  assumption  rather  dramatically  highlights  Case  2 as  the  only  one 
that  would  be  self-amortizing  in  a reasonable  period  of  time  and  then  only  if  all  Dopplers 
were  removed.  This  observation  plus  the  operational  reasonableness  of  Case  2 indicate  that 
it  is  the  most  feasible  of  the  alternatives  considered. 

Chapter  II  examines  the  GPS  costs  in  detail  and  derives  an  independent  estimate  of 
user  systems  costs.  An  analysis  is  made  of  the  potential  costs  of  such  systems  if  the  next 
generation  of  technology  is  employed.  These  costs,  if  they  are  achievable  would  have  a 
substantial  effect  on  breakeven  period.  The  relative  position  of  the  cases  on  a scale  of 
breakeven  period  would  not  be  changed,  however. 

The  net  cost  avoidance  shown  in  the  Tables  was  based  on  eliminating  reference 
equipment  under  the  ownership  and  control  of  the  military  Services.  A similar  calculation 
considering  the  potential  civil  use  of  GPS  is  not  presently  possible  because  of  large 
uncertainties  in  user  system  costs.  However,  such  a computation  can  be  expected  to  show  a 
much  more  favorable  amortisation  rate  than  for  military  use  only.  However,  the  more 
favorable  amortization  rate  would  be  realized  only  after  the  complete  phase  out  of  the 
present  civilian  systems.  Such  a phase  out  could  be  expected  to  take  10-20  years  if  the 
historical  phase  out  of  the  low  frequency  four-course  ranges  in  favor  of  the  VOR  is  any 
guide. 


87 


UNCLASSIFIED 


y 


\v 


ft 


l fgm 


UNCLASSIFIED 


Chapter  II 


COSTS  OF  GPS  AND  OTHER  NAVIGATION  EQUIPMENT 


INTRODUCTION 


1.  Objective 

This  chapter  addresses  four  topics  relevant  to  estimating  either  GPS  system  costs  or 
its  cost  avoidance  potential:  (1)  procurement  and  O&M  costs  of  conventional  navigation 
equipments  that  are  candidates  for  replacement  by  GPS,  (2)  GPS  system  procurement  and 
operations  costs  employed  in  the  cost  avoidance  estimates  of  Chapter  I,  (3)  the  incremental 
costs  associated  with  equipping  ground  combat  forces  at  alternative  bases  of  issue  (BOI), 
and  (4)  the  impact  on  user  equipment  costs  of  the  rapidly  advancing  technology  of  digital 
microcircuitry. 


2.  Uncertainties  Associated  With  Cost  Estimates 

The  approach  to  estimating  costs  was  dominated  by  two  considerations:  (1)  the 
paucity  of  available  data  for  both  GPS  and  other  navigation  equipment  costs,  and  (2)  the 
high  levels  of  uncertainty  associated  with  almost  all  aspects  of  the  GPS  program.  A 
parametric  approach  was  adopted  with  modest  objectives  for  both  the  level  of  detail  and 
the  confidence  that  could  be  placed  in  the  estimates.  Emphasis  was  placed  on  comparability 
of  estimates  rather  than  accuracy  in  their  absolute  levels..  Input  parameters  were  limited  to 
those  having  major  cost  impacts,  with  estimates  being  developed  at  a gross  level.  The 
sensitivity  analysis  was  limited  to  relative  changes  in  input  and  output  values.  All  estimates 
have  been  generated  in  terms  of  current  (1975)  dollars  to  facilitate  comparisons. 


a.  Conventional  Navigation  Equipment 

Over  200  models  (by  AN  number)  of  conventional  navigation  equipment  were 
identified  as  candidates  for  replacement  by  GPS  and,  hence,  the  basis  of  cost  avoidance. 
Both  procurement  and  O&M  costs  for  any  equipment  model  are  highly  uncertain.  With  few 
exceptions  the  Services’  management  and  recordkeeping  of  electronic  equipment  occurs  at 
the  subsystem  or  black  box  levei,  and  it  is  a formidable  task  to  construct  AN  number  costs 
from  their  constituent  subsystems.  In  addition,  replacement  costs  are  seldom  accurately 
mirrored  by  historical  procurement  costs,  and  maintenance  cost  data  are  collected  in  a 


UNCLASSIFIED 


HSCEDIIG  PAGE*  BLANK- NOT  FILMED 


UNCLASSIFIED 


i consistent  format  for  depot  actions.  These  considerations  are  reflected  in  the  manner  that 

i data  on  existing  navigation  systems  have  been  collected  and  reduced,  and  limit  the  confi- 

dence that  can  be  placed  in  the  estimates. 

b.  GPS  System 

A principal  uncertainty  in  the  NAVSTAR  program  is  attainable  system  performance 
(i.e.,  whether  the  system  can  provide  position  information  within  the  accuracies  required  by 
the  various  military  missions).  Phase  I of  the  development  program  is  keyed  to  demonstrat- 
ing this  capability  and  requires  a relatively  extensive  effort  to  develop  and  deploy  space  and 
controi  segments  that  closely  resemble  the  operational  configuration.  The  Joint  Program 
: Office  (JPO)  has  organized  the  program  on  this  basis  and  allowed  the  pace  of  user 

equipment  development  to  lag  behind  that  of  the  space  segment.  As  a result,  design  and 
unit  cost  uncertainties  for  the  space  segment  are  small  relative  to  those  of  user  equipment. 
However,  large  uncertainty  lies  in  the  lifespan  of  the  satellite  clock.  A period  of  5.5  years 
t was  assumed  by  the  JPO  life  cycle  cost  model  (LCCM)  for  the  cesium  clock  proposed  for 

the  operational  satellite.  The  uncertainty  surrounding  this  assumption  is  significant  since  such 
i clocks  have  never  been  tested  in  a space  environment,  and  attained  lifespan  has  a major 

I impact  on  space  systems  costs. 

The  LCCM  also  contains  estimates  of  user  equipment  costs  by  mission  employment. 
The  technology  applicable  to  this  equipment  is  advancing  at  a rapid  rate  with  significant 
cost  implications,  and  the  study  group  was  unable  to  obtain  sufficiently  detailed  design 
j backup  to  determine  the  technological  basis  for  the  JPO  estimates.  To  gauge  the  impact  of 

projected  technological  advances,  an  independent  estimate  of  user  equipment  initial  costs 
was  prepared  based  on  a recent  Magnavox  design  concept  for  manpack  equipment  employ- 
ing current  circuit  technology.  Differences  between  the  JPO  and  IDA  estimates  vary  with 
the  scope  of  initial  costs  considered  and  the  cost  avoidance  case.1  In  light  of  its  early  stage 
of  development  and  relative  impact  on  system  cost,  the  unit  cos.t  of  user  equipment  must 
be  considered  highly  uncertain. 

c.  Use  of  GPS  by  Ground  Forces 

Since  ground  combat  forces  possess  little  in  the  way  of  position  fixing  equipment, 
they  are  insignificant  in  estimating  the  cost  avoidance  aspect  of  GPS.  However,  use  of  the 
system  capabilities  has  been  proposed  for  a number  of  applications  representing  increased 
capabilities  to  perform  current  missions  as  well  as  new  missions.  To  date,  neither  the  Army 
nor  Marine  Corps  has  formalized  requirements  into  a BOI  or  procurement  program  plan, 
and  a wide  range  of  alternatives  appears  open.  This  uncertainty  could  have  a large  impact  on 
incremental  program  costs;  at  the  extreme  it  could  range  from  10  to  75  percent  of  the  costs 
of  establishing  the  space  segment  and  outfitting  the  aircraft  and  ship  fleets.  Further,  ground 
; force  usage  introduces  stringent  design  constraints  that  will  impact  on  costs  and  availability 

of  all  user  equipment. 

*"  I 

•'  i 1,  When  only  costs  of  procuring  installed  hardware  are  considered,  the  IDA  estimate  ranges  between  60  percent  higher  for 

Case  1 and  15  percent  higher  for  Case  4.  When  other  initial  costs  are  included  (especially  initial  spares  and  spare  parts)  the 
IDA  estimate  varies  between  100  percent  and  40  percent  higher  (Case  1 and  Case  4,  respectively). 
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d.  Advancing  Technology 

Performance  specifications  of  manpack  equipment-particularly  size,  weight,  and 
power-can  only  be  satisfied  by  extensive  use  of  microelectronics.  Once  adopted  for  this 
application,  the  custom  nature  and  the  genera!  advantages  of  microcircuitry  (along  with  its 
relatively  high  nonrecurring  cost)  imply  its  use  in  user  equipments  for  all  missions  with  a 
maximum  of  common  componentry. 

Digital  LSI  is  experiencing  a rapid  rate  of  technological  advance,  resulting  in  increas- 
ing capabilities  and  decreasing  costs.  These  advances  are  associated  with  increasing  compo- 
nent densities  and  digital  clock  rates.  The  next  major  step  will  raise  frequency  response 
rates  to  a level  permitting  digital  conversion  at  roughly  200  MHz.  The  prime  impact  on  GPS 
user  equipment  is  twofold:  (1)  a several-times  reduction  in  the  number  of  components  per 
set  and  (2)  a corresponding  decrease  in  cost. 

There  is  little  doubt  that  significant  cost  benefits  would  accrue  from  the  advancing 
technology.  However,  quantifying  the  level  of  benefit  has  considerable  uncertainty.  In 
addition  to  uncertainties  inherent  in  estimating  costs  of  systems  not  yet  built,  the  benefits 
realized  will  depend  on  (unknown)  quantities  to  be  procured  and,  heavily,  on  military 
standards  applied  in  qualifying  the  equipment. 

Projections  of  historical  trends  imply  availability  of  the  required  technology  in  1 977 
or  1978.  However,  projections  of  this  sort  are  subject  to  error,  and  a modest  deviation 
could  push  this  date  to  1980.  Considering  the  lead  times  associated  with  design  and  normal 
military  qualification  procedures  of  both  the  chips  and  user  equipments,  a 1-  or  2-year 
delay  in  availability  would  cast  strong  doubts  on  having  advanced  technology  user  equip- 
ments available  for  an  IOC  of  1982. 

B.  COSTS  OF  CURRENT  NAVIGATION  EQUIPMENT 

In  all,  several  hundred  different  models  of  navigation  systems  were  identified  with  the 
navigation  equipment  suites  of  the  weapons  in  the  proposed  force  structure.  Of  these  several 
hundred,  more  than  200  are  associated  with  aircraft  and  more  than  100  with  ships.  Within 
these  two  broad  eateries,  the  systems  were  grouped  into  the  classes  shown  in  Table  31. 
The  original  list  was  reduced  to  88  airborne  and  20  shipborne  navigation  systems.  For  these 
108  selected  systems,  procurement  and  maintenance  costs  were  sought;  the  results  are 
summarized  in  Tables  32  and  33. 

A general  ground  rule  used  in  selecting  the  final  list  of  systems  was  to  include  those 
with  the  largest  number  of  units  deployed  and  to  have  at  least  one  representative  from  each 
class  of  system.  Beyond  these  general  criteria,  a system  was  included  if  it  possessed 
interesting  or  unusual  characteristics  in  the  regimens  of  electronic  or  mission  performance  or 
if  it  was  expected  to  be  deployed  in  large  quantities  in  the  future. 

1.  Sources  of  Data 

In  all,  nine  major  sources  were  used  in  developing  the  cost  data  bast  used  in  deriving 
the  unit  cost  estimates  that  appear  on  Tables  32  and  33.  These  sources  are  identified  in  the 
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list  of  reference  codes  that  support 
the  two  tables.  The  first  three 
sources  reflect  data  obtained  from 
prior  studies;  sources  four  through 
seven  reflect  responses  by  Navy  and 
Air  Force  offices  to  requests  for  cost 
data  for  equipment  in  their  custody; 
the  final  two  sources  reflect  unit  pro- 
curement cost  data  derived  by  the 
study  team  from  supply  catalog-type 
records  available  at  military  installa- 
tions. 

In  addition,  IDA/WSEG  pre- 
pared and  sent  to  Air  Force  and 
Navy  offices  a questionnaire  request- 
ing data  concerning  quantities  pro- 
cured, spares  requirements,  and  retro- 
fit costs,  in  addition  to  unit  procurement  and  maintenance  costs  for  each  navigation  system. 
Unfortunately  only  a few  responses  were  received  in  time  to  be  incorporated  into  the  data 
base. 

2.  Derivation  of  Cost  Parameters 

From  the  assembled  data,  two  “generalized  average”  values  for  each  class  of  equip- 
ment were  calculated:  (1)  a unit  procurement  cost  and  (2)  a ratio  of  maintenance  to 
procurement  cost.  Generally  these  two  values  were  calculated  as  a simple  average  of  the 
values  for  the  systems  in  each  class.  In  a number  of  cases,  however,  the  computed  average 
value  for  a class  was  adjusted  based  on  other  information  gathered  in  the  course  of  the 
study,  or  based  or.  a subjective  evaluation  of  the  validity  of  the  data  used  in  computing  the 
average  (Table  32,  footnote  o).  In  the  several  cases  where  no  maintenance  cost  data  could 
be  found  for  any  of  the  sets  in  a class,  a generalized  average  for  that  class  was  assigned, 
based  on  the  averages  observed  for  classes  of  equipment  with  related  operational  and 
mission  characteristics. 

The  generalized  average  values  shown  on  Tables  32  and  33  were  used  to  calculate  the 
costs  of  all  sets  of  equipment  in  that  class  not  included  in  the  data  base. 

3.  Evaluation  of  Data  Compiled 

The  Services  do  not  normally  maintain  cost  records  aggregated  by  AN  number. 
Instead,  the  records  are  maintained  at  the  black  box  level.  As  a result,  cost  da*'’,  by  AN 
number  generally  are  available  only  for  systems  still  in  procurement  or  as  the  result  of 
special  studies.  (See  source  references  1,  2,  and  3,  identified  following  Tables  32  and  33.)  in 
cases  where  a unique  federal  stock  number  (FSN)  was  assigned  to  the  navigation  system, 
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Table  31.  Classes  of  Navigation  Equipment 


Airborne 

Shipbome 

Enroute  Radio  Reference 

Enroute  Radio  Reference 

LORAN 

LORAN 

TACAN 

OMEGA 

VOR/DME 

Direction  Finder 

ADF 

Satellite 

Inertial 

Inertial 

Doppler 

Aircraft  Navigation  Ref. 

Landing  Aids/CLS 

TACAN 

Traffic  Control 

ACLS 

Beacons 

Radar 

UNCLASSIFIED 


Table  32.  Cost  Data  Base  of  Airborne  Navigation  Equipment 


Hudwrt  Cingory/ 

Dttitmtion/Dncriptor 

LORAN 

AN/A^N-S  LORAN  A 

AN/At-rv-157  LORAN  C/D 

AN/ARN-81  LORAN  A/C 

AN/ARN-85  LORAN  D 

AN/ARN-92  LORAN  C/O 

Generalized  Average  (LORAN) 

TACAN  J 
AN/AN3-905  TACAN 

AN/ARN-21  TACAN 

AN/ARN-52  TACAN 

AN/ARN-62  TACAN 

AN/ARN-65  TACAN 

AN/ARN-72  TACAN 

AN/ARN-84  TACAN 

AN/ARN-8B  TACAN 

AN/ARN-96  TACAN 

RT-1045  ARN  TACAN  (For  F-l  5) 


Generalized  Average  (TACAN) 
VOR/DVt 

AN/ARN-fl  Radio  Compass 

AN/ARN-14  VOR 

AN/ARN-3C  VOR 

AN/ARN-87  VOR 

AN/AVO-75  DME 

AN/NVA-22A  VOR 

VOR-101  VOR 

51 R-3  VOR 

51R-6  VOR 

806-C  VOR 


Ganaralizad  Average  (VOR/OME) 

AOF 

AN/ARA-26  Direction  Finder 

AN/ARA-60  Direction  Finder 

AN/ARN-58  Direction  Findei 

AN/ARN-83  Direction  Finder 

AN/ARN-89  Direction  Finder 

Generalized  Average  (ADF) 

INERTIAL 


AN/ASN-31 
AN/ASN-42 
AN/ASN-48 
AN/ASN-56 
AN/ASN-63 
AN/ASN-86 
AN/ASN-90 
AN/ASN-92 
AN/ASN-10S 
AN/HAN-17 
Comm.  LTN-51 
Generalized  Average 
DOPPLER 

AN/APN-82 

AN/APN-89 

AN/APN-108 

AN/APN-131 

AN/APN-147 

AN/APN-1 53 

AN/APN-182 

AN/APN-1 85 

AN/APN-1 90 

AN/ASN-64 


In,  Nav.  Sys. 
In.  Nav.  Syi. 
In.  Nav.  Sys. 
In.  Nav.  Sys. 
In.  Nav.  Sys. 
In.  Nav.  Sys. 
In.  Meat.  Set 
In.  Nav.  Sys. 
In.  Nav.  Set 
In.  Nav.  Sys. 
In.  Nav.  Set 
(INERTIAL) 


AN/APN-82  Doppler  Nav. 

AN/APN-89  Doppler  Nav. 

AN/APN-108  Doppler  Nav. 

AN/APN-131  Doppler  Nav. 

AN/APN-147  Doppler  Nav. 

AN/APN-1 53  Doppler  Nav. 

AN/APN-182  Doppler  Nav. 

AN/APN-1 85  Doppler  Nav. 

AN/APN-1 90  Doppler  Nav. 

AN/ASN-64  Doppler  Nav. 

Generalized  Average  (Ooppler) 


Unit  Procurement  Cost 

Annual  Unit 
Maintenance  Cost 

1975  Dolltr! 

Sourc * 

1975  Oolttrs 

Source 

Ithouundtl 

K-.Veoc* 

ithouundtl 

Seftnance 

8 30.0 

1.8 

S 2.71 

U 

— 

— 

— 

va» 

130.0 

8 

_ 

122.0 

3 

517 

3 

76.0t 

- 

- 

6.25 

4 

5.5 

* 2,8 

2.75 

1.4,3 

11.0 

1.2.8 

1.25 

1.4.3 

9.3 

1 

— 

— 

10.7 

1,6 

2.78 

4 

8.5 

18 

1.18 

1 

15.2 

8 

- 

- 

— 

— 

_ 

__ 

- 

- 

2.28 

1.4 

— 

— 

— 

— 

10.0 

- 

- 

1.2 

8 

.18 

1 

6.0 

1.2.8 

.30 

1.3,4 

3.0 

1.S 

.10 

1 

— 

- 

— 

— 

3.1 

8 

- 

- 

— 

— 

— 



8.0 

1.2 

.50 

1.3.4 

2.6 

1 

.39 

1 

28 

1 

.39 

1 

’ 4.0 

2.03 

8 

4.0  5 

34 

1,6.8 

.85 

1.4 

1.0 

1.8 

.03 

1,4 

1.5 

1.8 

.10 

i 

3.0 

1.6 

.85 

i 

2.0 

8 

- 

- 

2.5 

143.0 

6 

169.0 

6 

— 

— 

70.4 

5 

— 

— 

940 

5,6 

- 

— 

82.5 

5 

- 

- 

— 

— 

— 

90.0 

6 

_ 

- 

160.0 

6 

_ 

146.9 

5 

— 

— 

69.3 

5 

— 

— 

114.0 

5 

~ 

- 

80.0  $ 

25.0 

1.8 

22.7 

1.8 

3.3 

1 

25.0 

1.8 

9.9 

1 

91.0 

1.8 

17.6 

1 

23.0 

1.8 

4.C 

1.3.4 

35.0 

1,8 

20 

1.4 

31.0 

6 

— 

— 

32.0 

8 

2.4 

4 

50.0 

8 

1.9 

4 

— 

— 

— 

— 

37.0 

- 

to  PrGC','*nmt 
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Table  32.  (Continued) 


Hardwora  Category/ 
Datfanation/Da*:riptor 

Holding 

Santa * 

Unit  Procuramant  Cost 

Annual  Unit 
Maintananca  Cost 

Haifa  of 
Maintananca 
to  Procuramant 

197S  Dollars 
(thousands) 

Sourca 

Rafaranca 

1975  Dollars 
(thousands) 

Sourca 

Rafaranca 

LANDING  AIDS/CLS * 

Glide  Slope 

AN/ARA-54 

Glide  Slope 

A 

F 

1.4 

1,8 

1.18 

1 

.66 

AN/ARN-18 

Glide  Slope 

A N 

F 

1.0 

1,8 

.16 

1,3 

.20 

AN/ARN-31 

Ghda  Slope  & LOC 

N 

F 

1.0 

1,3.8 

07 

14 

.10 

ARN/ARN-67 

Glide  Slope 

N 

F 

.9 

1.8 

.06 

1,3 

.03 

R-844 

Glide  Slope 

A 

— 

_ 

_ 

_ 

51-V-2 

Glide  Slope 

N 

F 

1.1 

1 

.IT 

1 

.16 

Ganaralizad  Avaraga  (Glide  Slope) 

1.1 

.23 

Marker  Beacon 

AN/A  RN- 12 

Marker  Beacon 

F 

2.0 

1.8 

1 11 

1,3 

.05 

AN/ARN-32 

Marker  Beacon 

A N 

F 

1.1 

1,8 

.10 

1,3 

.10 

R-1041 

Marker  Beacon 

A N 

F 

_ 

_ 

_ 

_ 

51Z-4 

Marker  Beacon 

A N 

F 

.5 

1,6 

.10 

1,3 

.22 

MN-61B 

Marker  Beacon 

N 

F 

.9 

1 

.31 

1 

44 

Ganaralizad  Avaraga  (barker  Beacon) 

1.1 

.18 

Localizar  Avvraga— Estimatid 

1.0§ 

- 

- 

- 

.2  § 

CLS/ILS  Systems 

AN/ARN-5B 

ILS 

N 

F 

2.7 

1.8 

_ 

_ 

— 

AN/ARN-61 

ILS 

F 

6.1 

1.8 

1.9 

T 

.45 

AN/ARN-82 

ILS 

2.6 

1 

_ 

_ 

AN/Afl  A-63  □ 

CLS 

N 

4.0 

6 

- 

_ 

- 

Ganaralizad  Avaraga  (CLS/ILS)  Sys. 

3.6 

,45 

Generalized  Avaraga  (Landing  Aids) 

3.5 

- 

- 

- 

4 

TRAFFIC  CONTROL  BEACON 

AN/APN-69 

Beacon  Rendezvous 

F 

2.7 

1.8 

1.27 

1 

AN/APN-1 34 

Beacon  Rendezvous 

F 

5.0 

1,8 

_ 

AN/APN-154 

Beacon 

F 

4.3 

1,8 

- 

- 

- 

Ganaralizad  Avaraga  (T.C.  Baacon) 

4.0 

.25 

RADAR 

AN/APN-59 

Search  Weather 

N 

F 

43.0 

1,6,8 

8.6 

1 

.19 

AN/APN-1 58 

Search  Weather 

A 

F 

15.2 

1.8 

4.2 

1 

.25 

AN/APQ-83 

Multi- Purpose 

N 

- 

_ 

_ 

_ 

— 

AN/APQ-99 

Ground  tap  & Ter. 

F 

100  0 

1,8 

7.5 

1 

.06 

AN/APQ-100 

Multi-Purpose 

F 

115.00 

— 

— 

— 

AN/APQ-1 09 

Multi-Purpose 

F 

109.0O 

_ 

_ 

_ 

_ 

AN/APQ-1 10 

Terrain  Following 

F 

112.0 

1,8 

1.3 

1 

,02 

AN/APQ-112 

Multi-Purpose 

N 

— 

_ 

_ 

_ 

— 

AN/APQ-1 13 

Ground  Mapping 

F 

255.00 

1.8 

6.3 

1 

.02 

AN/APQ-1 14 

Radar  Sat 

N 

200.0 

1.8 

63 

1 

.02 

AN/APQ-1 16 

Terrain  Following 

N 

— 

- 

_ 

AN/APQ-1 20 

Multi-Purpose 

F 

295  0o 

— 

— 

— 

_ 

AN/APQ-1 26 

Multi-Purpose  FLR 

F 

100.0  o 

1,8 

— 

_ 

_ 

AN/APQ-146 

Terrain  Following 

F 

52.0 

8 

_ 

_ 

_ 

AN/APQ-148 

Multi-Purpose 

N 

_ 

— 

— 

_ 

— 

AN/A  PS-42 

Search 

N 

F 

170 

1,8 

2.1 

1 

.16 

AN/APS-80 

Radar  Set 

_ 

_ 

_ 

_ 

_ 

AN/APS115 

Search 

N 

136.0 

8 

_ 

— 

_ 

AN/APS-1 16 

Terrain  Following 

N 

2000 

6 

_ 

_ 

— 

AN/ASB-16 

Bomb  Navigation 

— 

— 

_ 

_ 

— 

AN/ADP-7 

Multi-Purpose 

N 

~ 

- 

- 

- 

- 

Ganaralliad  Avaraga  (Radar) 

100.0 

- 

- 

- 

.1 

*A,  N,  and  F S*tvk«  coda*  dawgnata  Army,  Navy,  and  Air  Forca,  raapactivaly.  f 

tTha  Generalized  Avaraga  unit  procurement  con  of  $75K  attempts  to  raflact  a iudgmanolly  danvad  weighted  avaraga  of  two  categories  of  LORAN,  i.e..  a hlgfnsoit 
LOR  AN  coating  about  $130K  and  a low-con  category  of  LORAN  r about  $30  K each.  Tha  high-con -typa  LORAN  generally  it  mora  eophfeticettd.  ineludat  more 
automatic  faaturaa,  and  ganarataa  ttaanng  data. 

$ln  addition  to  TACAN  shown  I**,  thraa  CNI  system*  (AN'ASO>i9,  ASQ-88.  ASQ-67)  wart  also  included  m tha  original  list  of  systems  requiring  costing. 

Because  ♦hair  TACAN  •'vf*  • n of  ron  could  not  be  isolated,  their  cost  wet  excluded  In  calculating  tha  ganaiol  a era ga  for  TACAN. 
f Amount  animated,  based  or,  generaiuad  average. 

eThe  arithmetical  avvfrge  of  tl«  inert wi  systams  in  this  group  is  $114K,  but  $80 K is  used  here  as  tha  ganaralizad  average  because  It  is  reported  to  raflact  a more 
representative  animate  of  the  con  of  future  Inertial  systems,  baaed  on  a conversation  with  inert*!  specialists  at  tha  Oklahoma  City  ALC.  ^ 

o Landing  aid  synems  ganaraliy  cons«t  of  a Glide  Scope.  Marker  Beacon,  and  Locator  for  which  separata  subtotals  ware  developed. 

oTha  ARA-63  Carrier  Unding  System  was  originally  treated  as  a asperate  equipment  data  but  later  confined  with  Land  Aids  Although  con  data  received  from  NAVA1R 
indicated  a unit  procurement  con  of  $4.1  K,  this  was  rounded  for  use  hare  to  $4K. 

oTha  USAF  Avionics  Laboratory  supplied  (after  tha  cut-off  data  for  this  nudy)  unit  acquahion  con  data  for  five  radars  as  follows-  AN/APQ-lOQst  $11SK,  AN/APQ-100 
at  $10BK,  AN/*.*CM13  at  $192K,  AN/APO-120  at  $»5K,  and  AN/APQ-1 26  at  $176K. 
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Table  33.  Cost  Data  Base  of  Ship  Navigation  Equipment 


Htrdwtn  Cittfory/ 
Dtiigrutiari/Dmriptor 


LORAN 

AN/WPN-S 

AN/WPN-4 

AN/UPN-12 

AN/SPN40 

AN/SPN-38 

AN/SPN-32 

Generalized  Avaraga  (LORAN) 

OMEGA 

AN/8RN-7 

AN/SRN-12 

Generalized  A*a irege  (OMEGA) 

DIRECTION  FINDER 
AN/URD-* 

Generalized  Average  (OF) 

SATELLITE 

AN/SRN-9 

AN/WRN-5* 

Generalized  Avaraga  (Saul  I it  a) 

INERTIAL 
AN/WSN-1 
MK-3  SINS 
MK-2SINS 
ESGN 

Ganaralizad  Avaraga  (Inartial) 

TACAN 

AN/URN-20 

AN/URN-3 

AN/SRN-6 

Ganaralizad  Avaraga  (TACAN) 

ACLS 

AN/ARA-83  CLS  (Receiver /Decoder) 
AN/SPN-42  ACLS 

Ganaralizad  Avaraga  (ACLS) 


Net  on  raquaat  lift; autjetitutad  bv  NAVELEX. 


Unit  Procurement  Cost 

Annuel  Unit 
Maintenance  Cost 

1975  Cotters 
{thousands i 

Source 

Reference 

1975  Cotters 
( thousands) 

Source 

Reference 

Hlllo  Of 
Meinranence 
Procurttmot 
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SOURCE  REFERENCE  CODES  USED  ON  TABLES  32  AND  33 
Studies 

Source  Code  1 : Communications/Navigation/Identification/Cost  Development  Study,  RAD-043,  three  < 

volume'.  5 June  1970,  RCSrHAF-H-63  (OT).  This  AF  LC-prepared  report,  reflecting  a compendium  of  [-• 

forms  completed  by  cognizant  USAF  AMAs,  shows  various  types  of  cost  data  in  a standardized  „j. 

format  for  the  several  hundred  AN  designations  covered.  This  report  supplied  the  largest  number  of 
entries  to  the  cost  data  base.  : 

Source  Code  2:  Cost  Analysis  of  a Proposed  Defense  Navigation  Satellite  System  Receiver,  AiRINC 
Research  Corporation,  ARC  1041-01-1-1259,  (sponsor:  USAF  Space  and  Missile  Systems  Organization  ,, 

(SAMSO)).  Applicable  unit  procurement  cost  data  appearing  >n  Table  B-1  were  incorporated  into  the  j 

cost  data  base.  j 

Source  Code  3:  Cost  Study  of  Selected  Communications,  Navigation  and  Identification  Equipments  } 

by  AIRINC  Research  Corporation,  June  1972  (sponsor:  HQ  ESD,  AFSC).  Table  32  supplies  unit 
procurement  cost  data  of  USAF  Navigation  Avionics  Equipment  incorporated  into  the  data  base.  j 

That  table  cites  the  sources  for  the  presented  data  as  being  the  Consolidated  Aerospace  Equipment  I 

List  (CAEL),  RAD-043,  WRAMA  D-041  Factors  Printout,  and  ADS  GFAE  Impact  Listing. 

Service  Response  to  Requested  Cost  Data  J 

Source  Code  4:  Attachment  to  Letter  of  Transmittal  dated  12  February  1975  from  h6  AFLC 
(Deputy  Director,  Integrated  Logistics  Management:  Office  of  DCS/Acquisition  Logistics,  to  Mr.  J. 

String,  IDA).  Attachment  is  letter  from  AFLC  to  AFSC  (XRP  dated  20  January  1975;  subject: 

Global  Positioning  System  Accelerated  Operational  Capability).  Briefly  this  letter  supplies  a copy  of  j. 

an  analysis  AFLC  had  done  earlier  showing  the  annual  logistics  support  cost  (no  procurement  cost 

data)  for  the  navigation  systems/equipments  identified  by  AFSC  as  candidates  for  replacement  by  \ 

GPS.  AFLC  extracted  its  cost  data  from  the  Logistics  Support  Cost  Ranking  Report  (K051PN3L, 

RCS:  LOG-MM)  (Q)  7213-(2). 

Source  Code  5:  Oklahoma  City  ALC  (ALC/MMR),  replying  to  a telecon  request,  supplied  the  unit 
procurement  cost  on  nine  USAF  inertial  systems.  These  unit-procurement  costs  were  built  up  from 
unit  component  costs  extracted  from  Compendium  of  Inertial  Systems,  published  by  HQ  AFLC/ 

MMA/EA.  The  supplied  cost  data  were  reported  to  reflect  "then-year"  dollars  and  apply  to  the  most 
recent  lot.  Though  the  year  of  the  dollars  is  not  identified  by  the  authors,  it  is  assumed  that  ali  the 
reported  costs  reflect  1974  dollars. 

NAVAIR  and  NAVELEX  Response  to  Requested  Cost  Data 

Source  Code  6:  Replying  to  a telecon  request,  the  Naval  Air  Systems  Command  (Office  506-2)  t 

supplied  unit  procurement  cost  data  for  15  navigation  systems  under  Navy  cognizance.  NAVAIR 

suggested  that  the  cost  data  they  supplied  reflects  actual  contract  data.  j 

Source  Code  7:  Attachment  to  letter  dated  8 July  1975  from  Commander  NAVELEX  to  Director  i 

WSEG,  Attention  Colonel  Frickson;  Ident.  Code:  520C:  TT:  MM  Ser  26-520.  Responding  to  a ; 

questionnaire.  Navy  Electronics  Systems  Command  supplied  their  estimates  of  the  unit  procurement 
cost  and  annual  operating  costs  for  15  Navy  ship  systems.  The  cost  data  for  the  several  shipborne  j 

inertial  platforms  were  actually  supplied  by' the  NAVSEA  office. 

Supply  Catalog-Type  Sources 

Source  Code  8:  (USAF)  Management  List  (ML).  This  item  management  listing  of  USAF  supply 
catalog  equirment  includes  unit  procurement  costs  for  Federal  Stock  Number  (FSN)  equipment 
items.  The  Master  Equipment  Management  Index  (MEMO  was  used  to  translate  AN  designations  to 
FSN  numbers  used  in  the  ML. 

Source  Code  9:  Navy  Management  Data  Listing  (NMDL).  This  catalog-type  document,  which  is 
comparable  to  the  Air  Force  ML,  supplies  unit  procurement  cost  for  Navy  shipboard  equipment. 

(Records  are  not  maintained  at  the  AN  or  system  level  for  airborne  equipment.)  The  Marine  Base 
Supply  office  at  Andrews  AFB  supplied  the  catalog  prices  in  the  NMDL  for  shipboard  equipment. 
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procurement  cost  data  could  be  traced  to  a stock  catalog.  Cost  data  obtained  from  such 
FSNs,  however,  are  less  than  ideal  in  that  the  user  cannot  determine  certain  important 
information  (e.g.,  the  year  of  the  dollars,  applicable  lot  size,  and  application  of  price 
escalation  factors).  Further,  the  stock  catalog  identification  supplied  for  a specific  FSN 
number  was  often  found  to  be  quite  vague,  employing  descriptors  such  as  “subsystem- 
component-set”  or  “bench-set.”  In  fact,  the  FSN  being  cited  may  be  describing  and 
presenting  the  cost  of  a brassboard  system  bought  for  maintenance  shop  use,  ihe  cost  of 
which  may  vary  considerably  from  that  for  an  operational  system. 

Whatever  their  sources,  costs  compiled  would  be  subject  to  adjustment  to  reflect 
current  prices.  Costs  obtained  from  supply  catalogs  were  adjusted  for  the  year  prior  to  the 
last  recorded  transaction  date  in  the  catalog  record.  Costs  obtained  from  special  studies 
were  adjusted  from  the  year  prior  to  the  publication  date  of  the  study,  unless  supplemen- 
tary information  suggested  use  of  an  earlier  year.  In  all  cases  the  index  used  is  an 
unpublished  update  of  the  “Electronics  Materials  Index”  contained  in  RAND  Corporation 
Report  R-568-PR. 

C.  GPS  SYSTEM  COSTS 

The  Joint  Program  Office  Global  Positioning  System  Life  Cycle  Cost  Model 
(YEN-73-289),  dated  1 October  1974,  contains  estimates  of  costs  and  other  characteristics 
of  the  various  elements  of  the  control,  space,  and  user  equipment  segments.  With  the 
exceptions  noted  below,  these  values  were  accepted  in  estimating  cost  avoidance. 

1.  Space  and  Control  Segments 

Costs  of  the  space  and  control  segments  presented  below  were  developed  from 
estimating  parameters  contained  in  the  JPO  life  cycle  cost  model  publication.  The  values 
contained  in  the  model  represent  1974  estimates  and  have  been  adjusted  to  reflect  1975 
costs. 

The  estimates  are  summarized  in  Table  34  for  both  the  limited  and  full  operational 
capability  cases.  Three  categories  of  costs  have  been  defined.  The  first  represents  those 
required  for  development  and  test  of  the  space  segment  and  includes  procurement,  launch, 
and  operation  of  the  six  test  satellites.  The  second  category  represents  all  other  nonrecur- 
ring costs  associated  with  establishing  IOC,  including  a complete  constellation  of  operational 
satellites.  The  third  describes  the  costs  required  to  operate  and  maintain  the  system  for  a 
1-year  period,  including  average  requirements  for  satellite  replacement.  These  values  were 
derived  from  the  detailed  estimates  contained  in  Tables  35,  36,  37,  and  38.  The  JPO 
publication  does  not  provide  definitions  of  the  various  line  items  in  these  tables,  but,  with 
the  exception  of  satellite  and  launch  vehicle  hardware,  all  costs  can  be  attributed  to 
requirements  for  ground  support  of  the  satellite  system. 

Note  that  a calculation  of  life  cycle  costs  (initial  and  annual  for  a given  number  of 
years)  would  not  necessarily  be  equal  t<r"a  calculation  of  expenditures  required  over  the 
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Table  34.  Summary  of  Estimated  Space  and  Control  Segment  Costs 
(Millions  of  1975  Dollars) 


Limited  Operational 
Capability 
(12  Satellites) 


Full  Operational 
Capability 
(24  Satellites ) 


Development  and  Nonrecurring  Costs 

Developmental  Satellites 
Orbital  Operations 
Space  Segment  Initial  Costs 
Space  Segment  Operations 
Control  Segment  Initial  Costs 
Control  Segment  Operations 


Initial  Operational  Capability  Cost 

Initial  Satellites 

Space  Segment  Initial  Costs 


Annual  Costs 

Satellite  Replacement 
Orbital  Operations 
Space  Segment  Operations 
Control  Segment  Operations 


Source:  Tables  35, 36,  37,  and  38. 


same  number  of  years.  Determination  of  expenditure  requirements  involves  assumptions  of 
an  IOC  date  and  definitive  launch  schedule.  At  the  end  of  the  assumed  periods  of 
operation,  satellites  would  be  in  orbit  with  remaining  useful  lifetimes  less  than  the  full 
period  assumed  (5.5  years).  The  costs  shown  in  Table  34,  on  the  other  hand,  carry  the 
implicit  assumption  that  all  satellites  in  orbit  at  any  point  in  time  have  remaining  lifetimes 
of  the  full  5.5  years. 

The  most  striking  cost  uncertainty  in  the  space  segment  is  that  of  the  satellite  clock 
and  its  impact  on  annual  operating  costs.  Figure  1 2 shows  the  magnitude  of  cost  sensitivity 
to  this  assumption  for  the  operational  satellites.  Since  clocks  of  this  type  have  yet  to  be 
employed  in  a space  environment,  the  5.5  years  assumed  by  the  JPO  is  highly  uncertain. 
Should  actual  lifetimes  prove  significantly  less,  the  effect  on  system  cost  will  be  dramatic, 
while  small  deviations  or  increases  significantly  greater  than  5 years  will  have  a relatively 
small  effect. 
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Table  37.  Estimated  Space  Segment  Annual 
Ground  Installations  Operating  Costs 
(Millions  of  1975  Dollars) 


Costs 

RDT&E 

Program 

Operational 

Program 

Logistics  Support,  Spares, 
Storage 

.03 

5.65 

Ground  Communications 
and  Control 

.15 

.11 

Training 

.11 

.23 

Program  Management 

1.45 

J4 

Totai 

1.74 

6.13 

Source:  Global  Positioning  System  Life  Cycle  Cost  Model. 
(YEN-73-289),  Joint  Program  Office,  1 October 
1974. 


Table  38.  Space  Segment ■ Estimated  Cost  per  Satellite  in  Orbit 
(Millions  of  1975  Dollars) 


RDT&E 

Vehicles 


Operational 

Vehicles 


Initial  Cost 

Satellite  Unit  Cost 
Launch  Vehicle  Unit  Cost 
Satellite  Launch  Operations 
Launch  Vehicle  Operations 
Other  Launch  Operations 
Satellite  Checkout 
Launch  Vehicle  Checkout 

Cost  per  Launch 

Successful  Launch  Probability  (t) 
Cost  per  Successful  Launch 

Mean  Mission  Duration,  years  (t) 
Annual  Cost  per  Satellite  in  Orbit 


Orbital  Operations  per  Satellite 


Source:  Global  Positioning  System  Life  Cycle  Cost  Model,  (YEN-73-289) 
Joint  Program  Office,  1 October  1974. 
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Figure  12.  Sensitivity  of  Estimated  Annual  Operating  Costs  to  Satellite  Life-Span 

A second  area  where  costs  are  particularly  sensitive  is  the  procurement  of  satellites 
and  launch  vehicles  as  well  as  the  costs  of  the  launches.  A high  degree  of  uncertainty 
cannot  be  assigned  to  these  elements  since  there  is  considerable  history  in  building  and 
launching  satellites  and  this  history  may  explain  the  current  satellite  contractor’s  willingness 
to  operate  on  a fi>  ed  price  contract.  However,  should  these  estimates  prove  low  (along  with 
that  of  the  probability  of  successful  launch),  the  impact  on  program  costs  is  close  to 
proportional,  as  shown  in  Figure  1 3. 

2.  User  Equipment  Segment 

The  JPO  life  cycle  cost  model  publication  does  not  contain  descriptive  material  to 
supplement  the  estimates  of  user  equipment  costs,  and  the  study  group  was  unable  to 
obtain  these  backup  data  from  other  sources.  The  JPO  has  recently  revised  the  estimating 
parameters;  the  current  values  are  shown  in  Table  39..  As  with  the  earlier  estimates,  the 
study  group  was  unable  to  discover  backup  materials. 
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Figure  13.  Sensitivity  of  Estimated  Post-DSARC  II 1 0-Year  Costs 
to  Cost  of  Successful  Satellite  Launch 


Table  40  presents  initial  and  annual  cost  estimates  of  user  equipment  for  the  four 
cost  avoidance  cases  described  in  Chapter  I.  These  estimates  are  based  on  the  parameters 
shown  in  Table  39,  with  the  modifications  described  below  (where  necessary,  data  were 
modified  to  be  consistent  with  the  time-phased  force  model  employed  to  estimate  cost 
avoidance): 

(1)  Costs  tjf  p:  jcurement  and  O&M  of  integration  modules  were  not  included. 

Intef-atjon  equipment  would,  in  fact,  vary  by  platform  type  as  a partial 
functior  of  oth(s  installed  equipments  and  the  extent  of  mutual  sensor  aiding 
desired.  This  is  an  open  question  currently  under  study  and  beyond  the  scope 
of  this  study.  * 

(2)  Initial  support  and  O&M  requirements  were  converted  to  the  percentage  rates 
shown  in  Table  39. 
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(3)  Costs  of  retrofit  were  charged  only  for  those  aircraft  and  ships  contained  in  the 
fleets  at  the  time  of  IOC.  Retrofit  costs  were  charged  at  rates  of  30  percent  of 
procurement  cost  for  A,  B,  and  F mission  equipments  ana  20  percent  for  C 
mission  equipment. 

(4)  Use  of  a time-phased  model  permitted  consideration  of  the  cost  impact  of  user 
equipment  losses  and  resulting  replacement  requirements.  An  annual  factor  of  5 
percent  of  the  value  of  installed  equipment  was  applied  to  all  mission  groups. 

With  the  limited  specifications  of  user  equipment  given,  little  can  be  done  in  the  way 
of  identifying  factors  that  have  a significant  impact  on  system  costs.  One  area  that  can  be 
examined  is  the  cost  of  system  support  (spares  and  spare  parts  and  annual  O&M).  An 
allowance  of  roughly  15  percent  has  been  allowed  for  spares.  By  historical  standards  this  is 
little  more  than  sufficient  for  the  initial  pipeline.  Thus,  all  annual  costs  (both  materials  and 
labor)  must  be  covered  by  the  annual  O&M  estimate,  and  the  4 percent  and  6 percent 
allowed  appear  overly  optimistic.  The  impact  on  life  cycle  costs  of  higher  support  rates  is 
not  insignificant.  Over  a 10-year  period,  a total  support  rate  of  50  to  100  percent  higher 
appears  more  reasonable;  its  impact  is  shown  in  Figure  14. 


f 


Figure  14.  Sensitivity  of  Estimated  10-Year  Costs  to  Support  Rates 
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Table  39.  Cost  Parameters  for  User  Equipment,  by  Mission 
(1975  Dollars) 


Equipment  Class  * 


Unit  Cost! 

25,000 

Retrofit  (A  kits  plus  labor) 

9,000 

Integration  Module 

10,000 

Initial  Support  (spares,  data,  TE, 
facilities,  management) 

3,300 

Spares  Rate  (percent) 

13 

O&M— GPS  (annual  spares,  on  and 
off  maintenance,  labor,  training, 
supply  operations,  data,  etc.) 

1,520 

O&M  Rate  (percent) 

6 

O&M— Integration  Module 

690 

D/E  , 


10,000  15,000 

2,000 


5.000  3,00C 

3.000  1,600 


'See  Appendix  A,  Table  A-1 , for  a description  of  the  equipment  class. 
tCumulative  average  cost  in  lots  of  3,000  or  more. 

Note:  Spares  and  O&M  rates  are  derived  values  based  on  the  ratio  of  spares  and  O&M  to  unit  cost. 

Source-  Global  Positioning  System  Life  Cycle  Cost  Model  (YEN-73-289),  unpublished  update  to  Joint  Program 
Office,  1 October  1974. 


Table  40.  Summary  of  Estimated  User  Equipment  Costs  To  Equip  Military 
A ircraft  Fleets  and  Naval  Ships 
(Millions  of  1975  Dollars) 


Case  1: 
Enroute 


Case  2 .. 
Dopplers 


Case  3: 
Landing 
Aids 


Case  4- 
Radars 


Initial  Costs 

Procurement  of  Hardware 
Installation 

Spares  and  Spare  Parts 
Total 


Annual  Costs 
O&M 

Replacement  of  Equipment 
Total 


598.3 

665.8 

24.0 

15.5 

27.0 

16.9 

395 

43.9 

W3S73K 
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D.  ESTIMATED  COSTS  OF  GPS  ISSUES  TO  GROUND  COMBAT  FORCES 

Issues  of  GPS  user  equipment  to  ground  combat  forces  (Army  and  Marine  Corps) 
were  not  addressed  in  Chapter  I.  They  have  little  in  the  way  of  navjgation/position  fixing 
capability  for  which  GPS  could  be  substituted;  therefore,  the  potential  for  cost  avoidance  is 
insignificant.  However,  GPS  can  provide  better  ways  of  performing  some  current  missions  as 
well  as  offer  a potential  for  new  mission  functions. 

While  there  is  no  direct  effect  on  cost  avoidance  resulting  from  the  use  of  GPS  by  the 
ground  forces,  there  may  be  an  indirect  effect  arising  from  the  constraints  of  size,  weight, 
and  power  that  define  the  manpack  GPS.  These  constraints  are  most  readily  satisfied  by  the 
advanced  microcircuit  technology.  Thus,  the  exploitation  of  the  advanced  technology  to 
meet  the  manpack  requirements  should  result  in  the  availability  of  lower  cost  (common)  t 

components  for  airborne  and  shipborne  user  systems.  Additional  cost  reductions  may  also  j 

result  from  the  additional  quantities  of  common  components  procured  for  the  ground  user. 

The  issues  of  user  equipment  to  aircraft  and  ships  described  in  Chapter  I represent 
roughly  the  maximum  quantities  that  can  be  anticipated  for  these  types  of  weapons.  Any 
significant  increase  in  procurement  levels  would  have  to  come  from  ground  force  users.  To 
date,  neither  the  Army  nor  the  Marine  Corps  has  developed  a BOI,  nor  have  they  j 

formalized  requirements  into  a procurement  program  plan.  The  range  of  possible  procure- 
ment quantities  is  wide.  A number  of  BOI  alternatives  have  been  investigated  with  the 
intent  of  providing  a range  suffic.ently  wide  to  bracket  any  procurement  option  tliat  might  I 

be  adopted.  Total  procurement  quantities,  by  mission  application  and  cost  avoidance  case, 
for  each  of  the  ground  forces  alternatives  are  shown  in  Table  41..  ! 

1.  Full  Operational  Capability 

Four  alternative  levels  of  issue  for  ground  forces  were  assumed  for  the  24-satellite 
cases.  Only  Alternative  1 has  a basis  in  past  Army  studies.  It  is  several  years  old  and  assumes 
equipping  only  active  Army  forces.  The  three  other  alternatives  are  based  on  equipping  both  j 

the  active  and  reserve  forces  at  successively  higher  levels.  j 

Quantities  for  Alternative  1 result  from  applying  the  BOI  described  in  the  Army  i 

Pos/Nav  Study1 2  to  the  projected  FY  1982  active  Army  organizational  structure  contained  f 

in  the  Department  of  Army  FYDP  (dated  24  January  1975).  The  total  issue  of  approxi-  ! 

mately  8,600  is  some  1,400  higher  than  that  developed  in  the  Pos/Nav  Study  and  reflects  j 

the  inclusion  of  nondivisional  elements  in  the  force  structure  and  the  addition  of  three  \ 

divisions  to  the  number  of  Active  Army  divisions.  Alternative  2 (18,300  user  sets)  accounts  | 

for  equipping  National  Guard  and  Army  Reserve  units  at  the  same  BOI.  I 

Alternatives  3 3nd  4 result  from  a BOI  based  on  both  organizational  structure  and  j 

inventories3  of  wheeled  and  tracked  vehicles.  Alternative  3 is  based  on  a BOI  to  active  and  ; 


ft?/ 
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Table  41.  GPS  User  Equipment  Alternative  Total  Force  Quantities 
and  Composition-Installed  Inventory  Year  After  IOC 


Requirements 
for  Aircraft 
and  Ships 

Total  Requirements, 
Including  Ground  Forces, 
at  Alternative  Levels 

Capability 

1 

2 

3 

4 

Full  Operational  Capability  - Case  4 

Total 

22,573 

31,173 

40,873 

57,373 

93,373 

A Configuration 

7,451 

7,451 

7,451 

7,451 

7,451 

B Configuration 

14.986 

14,986 

14,986 

14.986 

14,986 

C Configuration 

- 

- 

- 

- 

- 

D/E  Configuration 

- 

8,600 

18,300 

34,800 

70,800 

F Configuration 

136 

136 

136 

136 

136 

Full  Operational  Capability  — Case  3 

Total 

22,573 

31,173 

40,873 

57,373 

93,373 

A Configuration 

- 

- 

- 

- 

- 

B Configuration 

22,437 

22,437 

22,437 

22,437 

22,437 

C Configuration 

- 

- 

— 

- 

- 

D/E  Configuration 

- 

8,600 

18,300 

34,800 

7C  0 

F Configuration 

136 

136 

136 

136 

136 

Limited  Operational  Capabili.’y  - Case  1/2 

Total 

22,773 

27,073 

31,873 

— 

— 

A Configuration 

200 

200 

200 

- 

- 

B Configuration 

494 

494 

494 

- 

- 

C Configuration 

21,943 

21,943 

21,943 

- 

- 

D/E  Configuration 

- 

4,300 

9.100 

- 

- 

F Configuration 

136 

136 

136 

— 

— 

reserve  organizations  at  roughly  the  same  level  as  Alternatives  1 and  2,  with  the  following 
exceptions: 

(1)  Artillery  and  tank  battalions  receive  no  issue. 

(2)  Mechanized  battalions  receive  a 60  percent  issue. 

(3)  Infantry  battalions  receive  a 1 50  percent  issue. 

Additional  GPS  user  sets  are  then  issued  to  approximately  50  percent  of  all  full-tracked, 
gun-mounting  vehicles;  25  percent  of  all  other  full-tracked  vehicles;  15  percent  of  towed 
artillery  pieces;  and  1 percent  of  wheeled  vehicles.  In  the  case  of  Alternative  4,  the  BOIs  of 
organizational  units  were  increased  by  approximately  50  percent  over  Alternative  3,  and 
those  of  vehicles  were  doubled  (except  for  wheeled  vehicles,  where  the  level  of  issue  went 
to  5 percent).  Estimated  incremental  program  costs  associated  with  each  alternative  are 
shown  in  Table  42. 
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Table  42.  Estimated  Incremental  Costs  To  Equip  Ground  Combat  Forces 
With  GPS  User  Sets  at  Four  Levels:  Cases  3 and  4 
(Millions  of  1975  Dollars) 


Costs 

Number  of  User  Sets 

Alternative  1 
(8,600  Units) 

Alternative  2 
(18,300  Units) 

Alternative  3 
(34,800  Units) 

Alternative  4 
(70,800  Units ) 

Initial  Costs 

Procurement  of  Hardware 

129.0 

245.5 

522.0 

1,062.0 

Spares  and  Spare  Parts 

21.9 

46.7 

88.7 

180.5 

Total 

150.9 

321.2 

610.7 

1,242.5 

Annual  Costs 

O&M 

7.7 

16.5 

31.3 

63.7 

Replacement  of  Equipment 

6.5 

13.7 

26.1 

53.1 

Total 

14.2 

30.2 

57.4 

116.8 

2.  Limited  Operational  Capability 

For  the  limited  operational  capability  (12  satellites),  only  two  levels  of  issue  have 
been  assumed.  One  can  infer  a requirement  from  the  Army  consideration  of  developing  a 
backpack  LORAN  system  providing  position  fixing  capabilities  no  better  than  those  attain- 
able for  the  limited  GPS  system.  However,  the  Army  has  not  addressed  itself  to  using  the 
GPS  LOC  system,  nor  has  it  formulated  a BOI  for  the  LORAN  backpack.  As  a result,  there 
is  no  reference  on  which  to  base  a GPS  issue,  and  the  study  has  arbitrarily  assumed  it  equal 
to  one-half  that  described  in  the  Pos/Nav  Study.  For  the  equipping  of  active  forces  only,  a 
level  of  4,300  has  been  assumed;  for  equipping  both  active  and  reserve  forces,  a level  of 
9,100  has  been  assumed.  Estimated  incremental  program  costs  associated  with  each  alterna- 
tive are  shown  in  Table  43. 

E.  COST  IMPACT  OF  ADVANCES  IN  DIGITAL  LSI  TECHNOLOGY 

Mission  performance  requirements  are  shown  in  Appendix  A.  The  stringent  size, 
weight,  and  power  requirements  of  the  manpack  system  leads  to  a definitive  conclusion  that 
the  specifications  can  only  be  met  by  extensive  use  of  microelectronics.  The  relatively  high 
nonrecurring  costs  associated  with  its  use  leads  to  a further  conclusion  that  modularity  and 
commonality  should  be  a major  design  goal.  A corollary  is  that  without  a requirement  for 
manpack  equipment  the  use  of  microcircuitry  would  not  be  necessary,  but,  even  in  the 
absence  of  such  a requirement,  the  apparent  cost  advantages  for  large  quantity  buys  is 
sufficient  reason  for  its  use. 
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Table  43.  Estimated  Incremental  Costs  To  Equip  Ground  Combat 
Forces  at  Two  Levels:  Cases  I and  2 
(Millions  of  1975  Dollars) 


Initial  Costs 

Procurement  of  Hardware 
Spares  and  Spare  Parts 


Annual  Costs 
O&M 

Replacement  of  Equipment 


Number  o. 

User  Sets 

Alternative  1 

Alternative  2 

(4,300  Units) 

(9,100  Units) 

64.5 

136.5 

11.0 

23.2 

75.5 

159.7 

3.9 

8.2 

3.2 

6.8 

7.1 

15.0 

Microelectronics  is  currently  experiencing  a rapid  rate  of  technological  advance 
centering  on  increasing  densities  attainable  in  bipolar  LSI  chips.  Devices  such  as  integrated 
injection  logic  (I2L)  may  become  available  in  production  quantities  in  time  to  be  incor- 
porated into  the  design  of  OPS  user  equipment.  Realization  of  this  possibility  would  have  a 
substantial  impact  on  systems  costs.  Figure  15  displays  the  historical  trend  (solid  line)  of 
densities  and  costs  of  digital  devices-primarily  the  metal  oxide  semiconductor  (MOS)  type. 
The  average  increases  in  densities  have  been  an  order  of  magnitude  each  3 to  4 years.  This 
has  combined  with  increasing  yield  rates  (the  ratio  of  “good”  obtained  to  the  total  number 
produced)  to  reduce  per-element  costs  an  average  of  an  order  of  magnitude  each  5 years. 

The  data  in  Figure  15  has  been  extrapolated  (dotted  lines)  on  the  basis  of  continued 
similar  increases  ir.  density  with  an  accelerating  rate  of  cost  decrease.  The  density  projection 
indicates  a level  of  200,000  near  mid-1977..  This  should  be  sufficient  for  digital  clock  rates 
that  allow  digitalization  of  the  GPS  signal  regarded  close  to  the  receiver  front  end  and  result 
in  user  equipment  requiring  only  one  IF  stage  of  linear  signal  processing.  The  impact  is 
dramatic  on  the  size,  weight,  complexity,  and  cost  of  user  equipment  designed  for  an  IOC 
of  1982. 

Discussions  with  industry  and  laboratory  personnel  indicate  that  technology  is  advanc- 
ing at  roughly  the  rate  projected  in  Figure  1 5.  Considering  the  conservatism  of  the  Services 
in  adapting  to  new  technologies  in  this  area  and  the  period  required  between  design 
acceptance  and  fielding  of  equipment,  a lag  of  2 io  4 years  between  completion  of  the 
development  of  LSI  chips  and  the  start  of  full-scale  production  is  indicated.  This  would 
result  in  an  IOC  date  of  1979  to  1981.  Prediction  of  the  time  of  availability  of  new 
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SOURCE:  Hittinger,  William  C.,  "Metal-Oxida-Sainiconductor  Ttchnology," 
Scientific  American.  August  1973,  Vol.  229,  No.  2,  p.  28. 


Figure  15.  Estimated  Density  and  Cost  per  Component  r.s  a Function 
of  Time  for  LSI  Devices 


technology  in  the  form  of  usable  hardware  is  always  risky  and  unusually  optimistic.  Thus, 
consideration  of  the  new  LSI  technology  for  a 1982  IOC  of  GPS  must  be  as  a high-risk 
option.  Clearly  the  risk  is  reduced  if  more  time  is  allowed  for  the  development  of  the 
advanced  technology.  However,  if  the  development  period  is  extended  more  than  1 or  2 
years,  the  IOC  must  be  delayed  correspondingly. 

This  is  a large  element  of  uncertainty,  and  the  cost  of  over-optimism  could  be  great 
in  terms  of  both  program  expenditures  and  system  availability. 

Ultimately  realizing  the  cost  and  other  advantages  of  high  density  LSI  in  the  GPS 
program  depends  on  military  acceptance  of  these  devices  and  the  changes  in  procurement 
and  qualification  procedures  that  they  imply.:  The  relative  level  of  nonrecurring  costs  that 
they  entail  is  higher  than  any  other  type  of  available  circuitry,  and  once  designed  and 
tooled  they  are  practically  impossible  to  modify.  As  a result,  the  cost  benefit  can.only  be 
realized  by  accepting  the  design  adopted  and  procuring  it  in  large  (and  guaranteed) 
quantities.  The  low  recurring  costs  imply  changes  in  screening  and  maintenance  concepts. 
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The  application  of  traditional  military  standards  and  repair  of  failures  may  not  be  nearly  as 
appropriate  as  concurrent  procurement  of  lifetime  spares  and  throw-away  of  failing 
modules.  Early  tradeoff  studies  can  establish  ranges  of  module  costs  and  associated  optimal 
procurement/maintenance  policies,  but  the  military  must  be  able  to  modify  procurement 
practices  accordingly.4 


1.  User  Equipment  Design  Adopted 

Investigation  of  impact  of  advanced  high  density  LSI  required  a comparison  with  user 
equipment  designed  around  current  technology  components  and,  preferably,  one  employing 
extensive  microelectronics.  With  no  backup  materials  available,  the  configurations  described 
in  the  JPO  life  cvcle  cost  model  could  not  serve  the  function  of  a benchmark  for 
comparison,  and  the  demonstration  hardware  currently  under  contract  to  Magnavox  will  be 
tco  far  from  an  operational  configuration.  However,  Magnavox  has  published  a design  study 
for  the  manpack  system  that  recognizes  the  requirement  for  extensive  microcomponents  5 It 
contains  a sufficiently  detailed  block  diagram  of  a receiver  and  was  adopted  as  the 
benchmark  for  comparison. 

The  Magnavox  concept  provides  little  in  the  way  of  digital  processing.  The  L-band 
amplifiers  and  significant  portions  of  the  synthesizer  and  calibration  circuitry  are  composed 
of  discrete  circuitry.  The  majority  of  microcircuit  elements  are  hybrid  or  thin-film  “cans,” 
and  digitalization  does  not  occur  until  signal  frequencies  have  been  stepped  down  to  below 
1 MHz  through  a number  of  IF  stages. 

The  advanced  technology  system  assumed  that  digitalization  could  occur  at  a fre- 
quency near  200  MHz,  thus  requiring  linear  processing  only  for  the  L-band  and  first  IF 
stages,  and  prior  to  signal  correlation.  Feasibility  of  this  early  conversion  with  advanced  LSI 
chips  was  confirmed  by  conversations  with  laboratory  personnel  and  manufacturers’  repre- 
sentatives. The  concept  is  also  contained  in  an  earlier  Magnavox  study.6 

The  manpack  specification  for  time-to-first-fix  led  Magnavox  to  propose  a two- 
channel  receiver.  Four  channels  is  the  maximum  that  has  been  considered  by  the  JPO  for 
high  dynamic  and  high  antijam  applications.  Since  commonality  of  modules  and  minimiza- 
tion of  til?  number  of  configurations  appear  desirable,  these  two  configurations  were 
assumed  to  satisfy  all  mission  applications.  The  impact  of  early  digitalization  can  be  seen  in 
the  count  of  microcircuit  components  required  for  current  and  advanced  technology  (Table 
44).  The  relation  between  receiver  costs  is  roughly  in  proportion  to  the  count  of  elements. 
Further  specifications  of  the  current  and  advanced  technology  designs,  including  gross  block 
diagrams,  are  contained  in  Appendix  C. 


4.  The  user  equipment  development  contacts  recently  awarded  to  Texas  Instruments,  as  well  as  work  proposed  and  under 
way  by  the  Air  Force  Avion  cs  Laboratory,  should  proud-  valuable  insights  into  these  questions.  Hopefully,  substantive 
results  wdl  emerge  sufficiently  early  to  have  m;  ximum  impacts  „.i  equipment  design  and  procurement  procedures. 

5.  Design  Development  Study  for  Pl-ase  I A'/  VSTAR  Global  Positioning  System  Manpack/ Vehicular  Set-Set  Description , 
Performance  and  Trade-Off  Analysis,  Magnavc  , Company,  Advanced  Products  Division,  13  May  1975. 

6.  NA  VSTAR  Global  Positioning  System  Manpack  Study  Program,  Receiver  Miar-Crmat  Analysis  Design  Review  Bulletin 
C-1063B-5,  Magnavox  Company,  Advanced  Products  Division,  1 April  1975. 
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Table  44.  Quantities  of  Microcircuit  Elements  per  Receiver 


Type  of 

Microcircuit  Element 

Number  of  Unique 
Mircocircuit 
Elements 

Total  Quantity  of 
Microcircuit  Elements 
per  Receiver 

2 Channel 

4 Channel 

Current  Technology 

Strip- Line  Boxes 

5 

9 

15 

Thin  Film/Hybrid  Boxes 

13 

37 

59 

LSI  Chips  - Receiver 

12 

45 

75 

LSI  Chips  - Computer 

3 

6 

6 

— 

— — 

— 

Total 

33 

97 

155 

Advanced  Technology 

Strip- Line  Boxes 

12 

15 

24 

Thin  Film/Hybrid  Boxes 

2 

5 

5 

LSI  — Receiver 

9 

19 

27 

LSI  — Computer 

3 

6 

6 

— 

— — 

— ** 

Total 

26 

45 

62 

2.  Costs  of  Microcircuit  Components 

Data  sources  proved  to  be  very  limited  and  frequently  conflicting.  Microcircuitry  is 
sufficiently  new,  and  the  number  of  manufacturers  so  limited,  that  no  general  body  of 
historical  data  has  been  compiled.  Current  supply  prices  to  buyers  fail  to  provide  a reliable 
guide  to  production  cost  since  they  are  based  on  diverse  considerations,  such  as  producers’ 
price  policies  regarding  amortization  of  nonrecurring  costs,  anticipation  of  market  size  and 
design  obsolescence,  and  anticipated  general  market  conditions  and  competitors’  behavior. 

In  addition,  there  are  several  types  of  circuitry  for  both  linear  and  digital  processing,7 
and  differences  in  the  inherent  complexity  of  the  manufacturing  process  of  the  several  types 
may  or  may  not  be  the  dominant  factor  in  observed  price  differences.  A number  of  these 
circuit  types  have  only  been  produced  under  laboratory  conditions  or  in  small  quantities.  In 
ail,  experience  is  too  scanty  to  permit  isolation  of  the  impact  of  complexity  from  other 
factors  or  the  formulation  of  generalized  costs  for  each  type. 

A further  complication  is  the  rate  of  change  in  cost  shown  in  Figure  15.  If  a 
comprehensive  study  of  component  costs  were  undertaken,  the  chances  are  good  that  it 
would  be  out  of  date  before  publication.  For  example.  LSI  chip  manufacturers  frequently 
fall  behind  in  providing  customers  with  current  price  lists,  forcing  buyers  to  manually 
update  their  suppliers’  catalogs. 

1.  There  are  two  basic  groups  of  LSi  dcvices-bipolai  and  MOS  Within  each  group  are  several  particular  types  of  devices. 
In  linear  microcircuits,  the  situation  is  similar. 
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The  approach  adopted  for  this  study  was  to  contact  microcircuit  industry  (both 
producing  and  buying  companies)  and  laboratory  personnel  to  solicit  opinion  on  recurring 
and  nonrecurring  costs  of  current  and  future  componentry  for  those  types  of  microcircuits 
that  are  candidates  for  use  in  GPS  user  equipment.  These  opinions  were  supplemented  by  a 
limited  number  of  printed  articles  containing  microcircuit  cost  and  cost  trend  information  \ 

and  manufacturers’  brochures.  This  information  was  then  melded  to  formulate  a consensus 
opinion  of  component  costs. 

Table  45  summarizes  the  estimating  parameters  for  all  components  of  both  the  j 

current  and  advanced  technology  system.  The  derivation  of  individual  values  in  the  table  is  s 

given  in  Appendix  B.  All  parameters  are  based  on  the  assumption  of  large-volume,  large-lot  ’ 

production.  Efficient  production  methods  vary  with  lot  sizes  and  ultimate  planned  volume. 

For  large-scale  production,  one  would  expect  manufacturers  to  incur  large  nonrecurring  ; 

costs  (capital  expenditures)  for  smaller  recurring  production  costs  in  such  a way  as  to 

minimize  total  program  cost.  As  a result,  the  estimates  shown  in  Table  45  are  close  to  the 
high  end  of  information  obtained  on  nonrecurring  costs  and  close  to  the  low  end  for 
recurring  costs.  The  values  shown  were  used  directly  in  the  equipment  cost  estimates. 

! 

3.  Equipment  and  Program  Cost  Estimates8 

a.  Estimated  Costs 

Chapter  1 identified  approximately  22,000  potential  installations  of  user  equipment  to 
outfit  aircraft  and  ships.  Alternative  issues  to  ground  forces,  described  in  Section  D,  may 
account  for  an  additional  10,000  to  70,000  users.  The  mixes  of  equipment  according  to 
ground  force  use  are  shown  in  Table  46.  Figure  16  shows  estimated  cumulative  average 
hardware  costs,  as  a function  of  quantity.9  Issues  to  ground  forces  were  assumed  to  occur 
only  after  die  22,000  aircraft  and  ship  users  were  outfitted..  At  this  quantity,  the  curves 
show  inflation  points  reflecting  the  mix  of  equipment  changing  in  favor  of  the  lower  cost 
two-channel  equipment. 

Figure  17  shows  estimated  10-year  LCC  for  these  system  concepts.  The  LCC  esti- 
mates are  based  on  assumptions  of  concurrent  procurement  of  lifetime  spares  (taken  at  50 
percent  of  hardware  cost)  and  an  annual  maintenance  rate  of  5 percent.  Over  the  10-year 
period,  this  averages  to  10  percent  per  year-close  to  that  experienced  in  current  equip- 
ments. Failure  rates  of  microcircuitry  are  purported  to  be  significantly  lower  than  those  of 
discrete  circuits,  and  the  10  percent  level  seems  conservative.  Since  the  relative  use  of 
microcircuits  is  higher  in  the  advanced  technology  system,  the  difference  in  lifetime  costs 
between  the  two  would  be  understated  to  some  extent. 


8.  The  equipment  design  concept  adopted  envisions  deployment  of  the  24-satellite  constellation  As  a result,  the  quantities 
and  mixes  of  equipment  used  in  this  analysis  arc  'jased  on  cost  avoidance  Cases  3 and  4 

9.  These  estimates  do  not  include  allowances  for  installation  of  the  equipment  in  aircraft  and  ships.  If  the  installation  cost 
factors  employed  in  Chapter  1 were  adopted,  the  impact  would  be  to  increase  the  costs  of  the  first  22,000  user  sets  by  30 
percent 


112 

UNCLASSIFIED 


•v.  . 


Table  45.  Cost  Estimating  Parameter  Values 
( Costs  in  Thousands  of  1975  Dollars) 


CUMULATIVE  AVERAGE  COST  ($) 
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Table  46.  GPS  User  Equipment-Alternative  Quantities  and  Composition 
of  Installed  Inventory,  Year  After  IOC 


Current  and  Advanced  Technology  Systems: 
Full  Operational  Capability  (Case  3/4) 

Requirements 
for  Aircraft 
and  Ships 

Total  Requirements, 
Including  Ground  Forces, 
at  Alternative  levels 

1 

2 

3 

4 

Two-Channel  Configuration 

- 

8,600 

18,300 

34,800 

70,800 

Four-Channel  Configuration 

22,573 

22,573 

22,573 

22,573 

22,573 

Total 

22,573 

31,173 

40,873 

57,373 

93,373 

I b.  Analysis 

| In  the  range  of  interesting  quantities  (30,000  to  60,000),  the  average  cost  of  the 

| advanced  technology  system  is  roughly  one-half  that  of  the  current  system.  Recognizing 

| that  definitive  designs  do  not  exist,  this  difference  still  appears  to  be  significant.  The  only 

I real  difference  between  the  two  is  the  assumed  difference  in  capabilities  of  current  and 

I future  digital  LSI  elements,  and  its  main  impact  is  to  reduce  the  component  count  of  the 

system.  Considering  the  rate  of  advance  recently  experienced  in  the  field,  it  appears  highly 
unlikely  that  technological  development  will  stop  short  of  the  requirements  of  the  GPS 
system.  This  leaves  cost  of  the  high-density  devices  as  the  principal  uncertainty  in  the 
difference  in  system  costs. 

A rough  measure  of  the  cost  sensitivity  of  any  type  of  circuit  element  is  the  percent 
of  total  cost  embodied  in  that  element.  As  shown  in  Table  47,  no  one  type  of  element, 
including  LSI,  dominates  equipment  cost  for  either  system  within  any  relevant  range  of 
quantities.  With  a procurement  of  50,000  sets,  the  recurring  produ<-ti''">  '•ost  of 
chips  would  have  to  increase  three  and  one-half  „dore  the  cost  advantage  of  the 

advanced  system  disappeared  (see  Figure  18). 

At  this  level  of  cost,  the  high-density  devices  would  not  be  competitive  with  MOS 
technology,  and  the  whole  question  of  their  development  would  be  in  doubt.  Manufac- 
turers, however,  are  continuing  to  push  their  development  with  company  funds,  and  the 
probability  of  their  costs  being  significantly  higher  than  current  devices  must  be  judged  as 
shght. 

These  program  cost  estimates,  including  the  slopes  of  the  cost, 'quantity  curves,  are 
based  on  an  implicit  assumption  of  large  contract  or  lot  procurements.  Multiple  source,  or 
small  contract  procurements,  can  be  expected  to  result  in  replication  of  nonrecurring  costs, 
less  than  optimum  scales  of  production,  and  higher  levels  of  cost.  Estimates  of  their  impact 
are  beyond  the  scope  of  this  paper,  but  they  can  be  neither  neglected  nor  minimised.  This 
is  particularly  relevant  for  the  advanced  technology  system.  The  best  estimate  of 
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Table  47.  Percentage  Distribution  of  Estimated  Recurring  Costs 
by  Type  of  Receiver  Element 


Installed  Quantity 


Type  of  Receiver  Element 

1 

10 

100 

1.00C 

10,000 

100,000 

Current  Technology 
LSI  Elements 

5.3 

8.6 

13.1 

18.5 

24.3 

30  6 

Discrete  Elements 

4.8 

7.8 

11.9 

16.9 

22.1 

25.5 

Micro-Linear  Elements 

28.6 

32.9 

35.4 

35.2 

32.5 

27.4 

Other 

7.1 

8.2 

8.8 

8.7 

8.1 

7.5 

Assembly 

54.3 

42.5 

30.8 

20.8 

13.0 

9.0 

Advanced  Technology 

LSI  Elements 

6.9 

10.3 

15.9 

22.2 

29.3 

36.7 

Discrete  Elements 

1.7 

2.6 

3.8 

5.4 

7.1 

86 

Micro- Linear  Elements 

34.7 

38.1 

39.6 

389 

36.3 

3f.6 

Other 

18.0 

19.7 

20.5 

20.1 

18.8 

17.1 

Assembly 

38.7 

28.8 

20.2 

13.4 

8.5 

6.1 

“ 100 

u 

O 

0£ 


RECURRING 


' COMPARABLE 
[COST  OF 
CURRENT 
| TECHNOLOGY 
, SYSTEM 


PERCENT  CHANGE  IN  COST  OF  HIGH  DENSITY  LSI  DEVICES 

Figure  18.  Sensitivity  of  Estimated  Hardware  Procurement  Costs  to 
Recurring  Cost  of  High-Density  LSI  Devices 
(Quantity  = 50,000) 
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nonrecurring  costs  of  high-density  chips  is  10  times  that  of  current  MOS  technology,  and 
close  to  half  of  the  total  estimates  of  nonrecurring  cost  of  the  advanced  system  is  associated 
with  the  chips.  Manufacturers  express  the  opinion  that  efficient  production  quantities  for 
custom  MOS  LSI  begin  around  50,000  units  with  continuous  production,  and  testify  to  the 
relatively  high  nonrecurring  and  tool  setup  costs.  At  this  rate,  efficient  production  quanti- 
ties of  high-density  devices  must  run  well  over  100,000.  Typically,  a single  type  of  chip  will 
be  used  at  a number  of  places  throughout  a receiver,  and  lifetime  spares  can  be  procured 
concurrently.  Thus,  the  quantity  required  can  be  several  times  the  number  of  receivers 
produced.  Still,  efficient  production  quantities  may  be  difficult  to  achieve  in  the  GPS 
program,  even  when  supplied  by  a single  contractor  in  a single  sustained  production  run. 

Table  48  shows  the  nonrecurring  cost  as  a percent  of  total  cost  for  varying  produc- 
tion quantities.  Should  multiple  source  or  small  lot  contracting  result  in  the  repetition  of 
nonrecurring  costs,  the  impact  on  program  costs  could  be  significant.  In  addition,  small  lot 
contracting,  by  itself,  could  result  in  less  than  optimum  production  techniques  and  higher 
recurring  production  costs. 


Table  48.  Nonrecurring  Cost  as  a Percentage  of  Total  Cost  for 
Custom  MOS  and  Advanced  Technology  Chips 


Nonrecurring 

Cost 

Unit 

Recurring 

Cost 

Nonrecurring  Cost  as  a Percent  of 
Total  Cost  at  Quantities  of 

Chips 

10.000 

50.000 

100.000 

500,000 

1,000.000 

Custom  MOS  Technology  Chips 

150,000 

60 

20 

5 

2.5 

.5 

- 

Advanced  Technology  Chips 

1,500,000 

100 

60 

23 

13 

3 

1.5 

Chapter  I has  shown  a significant  cost  avoidance  potential  for  GPS  IOC  in  1982  (or 
earlier)  compared  with  1984.  In  addition,  the  savings  in  GPS  system  cost  for  employing  the 
most  advanced  technology  appear  significantly  greater  and  on  solid  ground.  The  problem  is 
that  timely  availability  of  the  high-density  digital  devices  presents  the  greatest  risk  in  the 
advanced  technology  system,  but  the  major  part  of  this  risk  can  be  avoided  at  a relatively 
low  cost. 

An  option  that  has  not  been  investigated  thus  far  is  parallel  development  of  user 
equipment  employing  current  and  advanced  technology.  Parallel  development  serves  as  a 
hedge  against  two  eventualities.  The  first  is  late  availability  of  the  advanced  system.  The 
second  is  the  chance  that  high-density  LSI  simply  cannot  be  incorporated  into  the  GPS 
system.  The  probability  of  the  first  is  not  insignificant,  while  that  of  the  second  must  be 
judged  very  slight.  Parallel  developments  should  nearly  eliminate  the  cost  associated  with 
either  eventuality. 
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Figure  19  shows  the  total  procurement  cost  of  50,000  user  equipments  according  to 
the  percentage  of  the  advanced  system  in  the  buy.  The  horizontal  lines  represent  the  costs 
estimated  for  each  technology,  assuming  a single  development  program.  The  only  increment 
of  program  cost  that  can  be  quantified  is  the  nonrecurring  estimate  for  each  program 
individually,  and  this  may  understate  the  true  increment  for  parallel  development.  In 
addition,  50,000  equipments  may  be  a high  number  over  which  to  amortize  nonrecurring 
cost.  In  any  case,  though,  the  cost  increment  should  prove  small  relative  to  that  associated 
with  late  availability  of  the  system. 


PERCENT  ADVANCED  TECHNOLOGY  EQUIPMENT  PROCURED 

9-15-75-9 


Figure  19.  Total  Cost  of  Procurement  of 50,000  User  Equipments 
(Millions  of  1975  Dollars) 

These  considerations  suggest  a potentially  large  payoff  to  an  early  and  thorough 
investigation  of  high-density  LSI  capabilities  in  GPS-type  applications.  For  procurement 
quantities  near  50,000  user  equipments,  differences  in  procurement  costs  of  installed 
equipment  (over  MOS  technology  systems)  are  estimated  to  approach  several  hundred 
million  dollars.  A small  fraction  of  this  amount  would  constitute  a many-fold  increase  in 
funds  devoted  to  technology  development.  Further,  early  investigation  and  development  of 
the  technology  would  remove  a significant  degree  of  uncertainty  in  the  program  and  offer 
additional  savings  of  costs  associated  with  the  development  of  competitive  navigation 
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equipments.  It  should  be  recognized  that  the  scope  of  a thorough  investigation  is  very  broad 
and  encompasses  questions  of  efficient  production  methods  and  quantities;  rational  policies 
regarding  the  tradeoffs  between  reliability  standards,  maintenance  philosophies,  and  costs; 
and  contracting  procedures.  Manufacturers  cannot  be  expected  to  incur  the  sizable  and  sunk 
expenditures  seemingly  required  for  efficient  (low-cost)  production  of  high-density  LSI 
devices  without  guarantees  that  large  quantities  will,  in  fact,  be  procured. 
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Chapter  III 


TASK  2.  OPERATIONAL  DEMONSTRATIONS 


A.  INTRODUCTION 

The  objective  of  this  task  was  to  identify  and  describe  operational  demonstrations 
using  contemporary  weapon  systems  that  will  illustrate  the  utility  of  GPS'  for  military 
applications.  The  approach  used  was  to: 

• Discuss  position  fixing,  navigation,  and  time  problems,  and  the  application  of 
GPS  to  these  problems,  with  senior  members  of  all  the  Services. 

• Identify  those  problem  areas  that  appear  suitable  for  demonstrating  the 
utility  of  GPS. 

• Develop  initial  concepts  for  operational  demonstrations  around  the  problem 
areas  identified. 

• Review  these  operational  demonstrations  with  the  schools  or  commands  having 
the  doctrinal  responsibility  for  the  problem  areas.  Incorporate  inputs  from 
these  sources  into  the  demonstrations. 


POSITION,  NAVIGATION,  AND  TIME  PROBLEM  AREAS  CONSIDERED  AS 
CANDIDATES 


is! 


Discussions  with  the  Services  revealed  many  significant  position  fixing,  navigation,  and 
time  problems.  As  these  problem  areas  were  uncovered,  they  were  assessed  as  to  their 
suitability  for  a demonstration.  This  assessment  was  based  on: 

(1)  The  difficulty  of  the  position  fixing  or  navigation  problem  and  the  potential 
payoff  of  using  GPS  to  help  solve  the  problem. 

(2)  The  number  of  applications  of  GPS  user  equipment  that  the  demonstration 
could  illustrate. 

(3)  The  potential  difficulty  of  conducting  the  demonstration. 

(4)  The  apparent  Service  interest  in  such  a demonstration. 

(5)  The  degree  to  which  such  a demonstration  would  exercise  the  accuracy  of  GPS. 
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Using  the  criteria  above  the  following  problem  areas  were  considered  for  development 
into  operational  demonstrations. 

Aerial  Assault  Attack  Helicopter  Operations 

Aerial  Refueling  Close  Air  Support 

Air  Cavalry  Operations  Coordinate  Bombing 

Aircraft  Approach  and  Landing  Forward  Observer 

Aircraft/Carrier  Rendezvous  and  Landing  Groun  t Patrols 

Amphibious  Operations  Helicopter  Rendezvous 

Antisubmarine  Warfare  Missile  Guidance 

Artillery  Operations  Photo  Reconnaissance 

Satellite  Position  Fixing 

C.  OPERATIONAL  DEMONSTRATIONS  IDENTIFIED 

In  the  development  of  the  operational  demonstrations,  it  was  felt  that  some  problem 
areas  should  be  combined.  As  a result,  the  Forward  Observer  and  Artillery  Operations  were 
combined  into  one  demonstration  while  Photo  Reconnaissance  and  Coordinate  Bombing 
were  put  together  in  another.  Ground  Patrol  and  Helicopter  Rendezvous  were  considered 
separately  and  as  a combined  demonstration.  However,  they  were  dropped  when  the 
Infantry  School  indicated  a strong  preference  for  the  Aerial  Assault  demonstration  over  that 
of  Ground  Patrol  and/or  Helicopter  Rendezvous. 

The  Aircraft/Carrier  Rendezvous  and  Landing  demonstration  was  rejected  since  most 
of  its  features  are  contained  in  the  Aircraft  Approach  and  Landing  demonstration. 

Missile  Guidance  and  Satellite  Position  Fixing  demonstrations  were  not  pursued  since 
both  of  these  areas  already  have  sufficient  interest  that  funding  exists  outside  of  the  Joint 
Program  Office  for  the  development  and  testing  of  GPS  hardware  for  these  applications. 

The  Air  Cavalry  demonstration  was  not  pursued  since  the  position/velocity/time 
problems  associated  with  it  are  similar  to  those  in  aerial  assault  and  attack  helicopter 
operations.  The  aerial  refueling  demonstration  was  dropped  after  it  was  determined  that 
GPS  alone  could  not  provide  a covert  means  with  which  to  rendezvous  and,  therefore,  did 
not  appear  to  provide  a significant  ayoff  in  this  type  of  operation. 

Thus,  seven  problem  oreas  were  assessed  as  suitable  for  operational  demonstrations  to 
illustrate  the  utility  of  GPS  for  military  applications.’  Scenarios  describing  each  of  these 
demonstrations  have  been  developed  and  reviewed  with  the  Service  agency  having  doctrinal 
responsibility  for  the  position  fixing  or  navigation  problem  areas  forming  the  basis  for  the 
demonstration.  The  Service  interest  in  these  demonstrations,  especially  by  the  agencies 
which  reviewed  them,  was  found  to  be  very  high.  This  is  important  since  these  same 
agencies  would  probably  be  involved  in  conducting  the  demonstrations.  The  proposed 
demonstrations  and  reviewing  agencies  are  shown  in  Table  49. 

1.  Recently  received  data  indicate  that  GPS  might  be  used  to  significantly  improve  the  effectiveness  of  certain  antisub- 
marine warfare  operations.  However,  these  data  were  received  too  late  to  be  used  in  this  study. 
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Table  49.  Proposed  Operational  Demonstrations 


Operational  Demonstration 

Reviewing  Service  Agency 

Aerial  Assault 

Infantry  School,  Ft.  Benning 

Aircraft  Approach  and  Landing 

Tactical  Air  Command,  Langley  AFB 

Amphibious  Operations 

Commander  Amphibious  Group— Two, 
USS  Mount  Whitney 

Attack  Helicopter  Operations 

Armor  School,  Ft.  Knox 

Close  Air  Support 

Tactical  Air  Command,  Langley  AFB 

Forward  Observer  and  Artillery 
Operations 

Artillery  School,  Ft.  Sill 

Photo  Reconnaissance  and 
Coordinate  Bombing 

Tactical  Air  Command,  Langley  AFB;  and  Marine 
Tactical  Reconnaissance  Squadron  Three, 
MCAS,  El  Toro 

D.  DISCUSSION  OF  THE  PROPOSED  OPERATIONAL  DEMONSTRATIONS 


Each  of  the  operational  demonstrations  is  discussed  below.  The  discussions  include  a 
description  of  the  position  fixing  or  navigation  problems  forming  the  bases  for  the  demonstra- 
tion, the  applications  of  GPS  to  the  problems,  a scenai  io  describing  the  proposed  demonstra- 
tion and  the  measures  that  could  be  used  to  determine  the  improvement  brought  about  by  the 
use  of  GPS.  It  should  be  emphasized  that  the  proposed  demonstrations  are  riot  operational 
tests  but  vehicles  to  illustrate  the  utility  of  GPS  for  military  applications  and  that  the  scenarios 
have  been  developed  to  present  the  concepts  for  conducting  the  demonstrations  rather  than 
detailed  test  plans. 


1, 


Air  Assault 

A basic  aim  of  the  air  assault  operation  is  to  land  the  troop-carrying  helicopters  at 
their  assigned  landing  zones  in  the  objective  area,  at  the  appointed  times,  with  appropriate 
artillery  and  air  cover  so  that  the  attack  on  the  objective  can  develop  as  planned.  Aerial 
assaults  are  usually  large  operations  with  several  different  routes  being  used  by  the  helicop- 
ters to  reach  the  objective  area.  A number  of  flights  of  helicopters  may  be  spaced  along 
each  route.  Artillery  support  and  air  cover  must  be  provided  for  each  of  these  flights  as 
they  progress  along  their  assigned  routes. 

Most  of  the  elements  in  an  air  assault  operation  (e.g.,  scout  helicopters,  troop-carrying 
helicopters,  and  close  air  support  aircraft)  currently  rely  on  maps  and  compasses  for 
navigation.  This  is  very  difficult,  especially  for  helicopters  flying  nap-of-the-earth,  as  current 
doctrine  requires  when  the  helico^,-'S  are  flying  in  the  forward  area  of  the  division  or  in 
hostile  territory.  In  addition,  coordinating  helicopter  flights  along  the  attack  routes,  air 
cover  and  artillery  suppori  along  these  routes  and  in  the  objective  area,  and  landing  of 
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troops  in  the  objective  area,  are  major  problems.  The  coordination  problems  become  even 
worse  with  reduced  visibility,  when  enemy  forces  are  discovered  along  a route  to  the 
objective  area,  or  when  the  g/ound  forces  must  be  disengaged  and  redeployed  against  a 
subsequent  objective.  Furthermore,  current  procedure  requires  that  pathfinders  be  inserted 
into  the  objective  area  ahead  of  the  main  assault  to  guide  the  troop-carrying  helicopters  to 
the  landing  zones.  This  may  provide  the  enemy  with  an  early  warning  of  an  impending 
assault. 


a.  Applications  of  GPS 

In  the  proposed  air  assault  demonstration,  an  infantry  force  would  be  assigned  the 
task  of  taking  an  objective  in  enemy  territory.  The  force  would  be  moved  by  helicopter 
from  the  assembly  area  to  the  landing  zones  in  the  objective  area.  GPS  user  equipment 
would  be  used  for  position  fixing  and  navigation  throughout  the  operation  as  described  in 
the  following. 

The  lead  helicopter  of  each  flight  would  be  equipped  with  a GPS  receiver  which 
contains  the  waypoints  defining  the  route  the  flight  is  to  take  to  the  objective  area.  These 
waypoints  would  be  used  to  guide  the  group  of  troop-carrying  helicopters  over  the  route 
and  to  the  landing  zone  assigned  to  it  in  the  objective  area.  The  current  doctrine  of  flying 
nap-of-the-earth  when  in  the  forward  area  of  the  division  or  in  hostile  territory  would  be 
followed. 

The  aircraft  providing  air  cover  and  the  batteries  providing  artillery  support  would  use 
GPS  receivers  and  coordinates  provided  by  the  GPS  equipped  helicopters  in  the  flights  to 
furnish  fire  support  for  the  assault  force  while  it  is  enroute  to  the  objective  area.  When 
enemy  resistance  could  not  be  neutralized  within  the  time  allotted,  the  flights  would  be 
rerouted  around  the  enemy  areas.  Waypoints,  defined  in  GPS  coordinates,  would  be  used  to 
coordinate  the  new  routes  with  both  the  assault  force  and  support  teams. 

Once  landed  in  the  objective  area,  the  assault  force  would  use  their  GPS  manpacks  to 
navigate  to  their  assigned  positions  and  to  help  determine  the  coordinates  of  enemy  areas 
for  which  the  assault  force  requires  fire  support  from  the  air  cover  or  artillery  teams.  The 
aircraft  and  artillery  batteries  would  use  these  coordinates  to  provide  the  desired  fire 
support. 

b.  The  Scenario 

In  this  demonstration,  wh.sh  is  illustrated  in  Figure  20,  a GPS  equipped  infantry 
force  will  be  assigned  the  task  of  taking  an  objective  using  an  air  assault  operation.  A GPS 
equipped  helicopter  force  will  be  assigned  to  pick  up  the  infantry  force  at  designated 
pick-up  zones  (PZs)  which  will  be  defined  by  GPS  coordinates.  Each  flight  of  helicopters 
will  be  given  arrival  and  departure  times  so  that  these  areas  do  not  become  unduly 
congested. 

Flight  paths  from  the  PZs  to  the  landing  zones  (LZs)  will  be  chosen  to  best  avoid 
areas  of  known  or  suspected  enemy  concentrations,  areas  within  enemy  antiaircraft  coverage 
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Figure  20.  Air  Assault 
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and  areas  containing  undesirable  terrain.  The  routes  selected  should  afford  good  artillery 
and  air  coverage,  and  should  facilitate  nap-of-the-earth  flying. 

While  enroute  the  helicopters  will  be  required  to  ( 1 ) call  upon  artillery  and  air  cover 
to  neutralize  suspected  areas  of  enemy  concentrations  and  (2)  deviate  from  their  assigned 
flight  paths  to  avoid  enemy  strong  points  discovered  by  the  scout  helicopters  in  the  lead. 
These  deviations  must  be  coordinated  with  all  other  forces  involved  including  artillery 
support,  friendly  ground  troops  to  be  overflown,  fixed  wing  air  cover  and  attack  helicopters 
flying  escort. 

LZs  and  waypoints,  all  of  which  will  be  designated  in  GPS  coordinates,  will  be  used 
to  define  the  air  corridors  for  each  of  the  helicopter  forces.  The  helicopters  will  fly 
nap-of-the-earth  from  the  PZs  to  the  LZs.  Each  flight  of  helicopters  will  also  be  given  a 
time  to  land  at  its  assigned  LZ. 

Prior  to  the  helicopters  landing  at  the  LZs,  artillery,  attack  helicopters  and  fixed  wing 
aircraft  will  place  fire  on  designated  points  in  the  objective  area.  These  points  will  be 
defined  by  the  GPS  coordinates.  In  addition,  these  elements  will  provide  supporting  fire 
during  the  landing  phase  of  the  assault. 

Following  the  landing,  the  infantry  elements  will  disembark  and  begin  the  ground 
phase  of  taking  the  objective.  Using  GPS  coordinates  to  define  attack  routes  and  target 
positions,  the  ground  element  will  call  for  artillery  and  air  support  to  neutralize  enemy 
resistance. 

After  the  ground  attack  has  progressed  far  enough  to  show  the  major  benefits  of  GPS 
in  ihis  phase,  an  order  will  be  issued  for  the  infantry  to  withdraw  by  air  and  redeploy  to 
secure  a second  objective.  The  only  difference  between  this  phase  and  the  previous  phase  is 
that  it  is  not  preplanned;  that  is,  the  planning  is  to  be  done  in  the  field  under  field 
conditions. 


c.  Measurts  nf  Effectiveness 

The  major  measures  of  effectiveness  of  GPS  over  current  means  of  position  fixing  and 
navigation  used  in  aerial  assault  operations  are  the  degrees  to  which  GPS  would 

® Reduce  the  effort  required  to  coordinate  the  landing  and  fire  support  operation 
in  the  objective  area  with  the  precision,  timing,  and  flexibility  required  to 
insure  success. 

• Reduce  the  planning  and  effort  required  for  pilots  to  navigate  from  the  PZs  to 
the  LZs  while  flying  nap-of-the-earth. 

• Increase  the  speed  with  which  routes  around  enemy  forces  can  be  defined  and 
coordinated. 

• Increase  the  speed  and  accuracy  with  which  disengagement  and  redeployment 
plans  can  be  drawn  up  and  executed. 


UNCLASSIFIED 


<ss£.'  . 


UNCLASSIFIED 


• Facilitate  changes  in  attack  p'ans  and  thc'r  coordination  with  resupply  forces, 
medevac  teams,  artillery  and  air  cover. 

• Reduce  the  susceptibility  of  the  helicopters  to  enemy  fire  by  facilitating  the 
use  of  routes  that  provide  superior  concealment  and  protection  (current 
methods  require  the  use  of  routes  that  provide  good  visual  navigation). 

Additional  measures  of  the  improvement  brought  about  by  the  use  of  GPS  are 

• The  reduction  in  communication  requirements. 

• The  improvement  in  the  effectiveness  of  ground  and  air  fire  support  while  the 
helicopters  are  enroute  to  the  LZs. 

• The  reduction  in  the  effort  required  to  execute  the  loading  phase. 

• The  increase  in  the  element  of  surprise  due  to  the  elimination  of  the  need  for 
pathfinders. 

2.  Aircraft  Approach  and  Landing 

There  is  no  method,  currently  available  or  under  development,  which  will  allow  an 
aircraft  to  make  an  instrument  approach  to  a non-radiating  airfield.  Furthermore,  a consid- 
erable amount  of  ground  survey  work  and  ground  equipment  set-up  time  is  required  to 
provide  an  instrument  approach  capability  at  a new  airfield. 

a.  Applications  of  GPS 

In  the  proposed  aircraft  approach  and  landing  demonstration,  aerial  surveys  of  the 
approach  and  landing  areas  of  a number  of  airports  would  be  made  by  an  aircraft  equipped 
with  a GPS  receiver.  These  aerial  surveys  would  then  be  used  to  develop  IFR  approach 
procedures  for  the  airports.  Then,  using  these  approach  procedures,  aircraft  equipped  with 
GPS  receivers  would  conduct  nonprecision  approaches2  to  these  airfields  without  the 
aid  of  any  ground  support  equipment.  Category  I precision  approaches3  would  be  per- 
formed by  using  a differential  system.  In  this  system  a second  GPS  receiver  would  be  placed 
near  the  desired  touchdown  position  on  the  runway.  The  position  data  from  this  receiver 
would  be  sent  to  the  approaching  aircraft  so  that  the  difference  between  the  two  readings 
could  be  determined..  This  should  provide  the  increase  in  accuracy  required  for  a Category  I 
approach. 

b.  The  Scenario 

A number  of  airfields  will  be  selected  for  use  in  this  demonstration.  For  each  airfield 
selected,  instrument  approach  and  departure  procedures,  based  on  GPS,  will  be  developed. 
This  can  be  done  by  flying  or  driving  a GPS  receiver  to  each  terrain  point  of  interest  and 


2 The  most  stringent  position  fixing  requirement  for  non-precision  approaches,  as  shown  in  Chapter  1,  Table  21,  is  the 
40-meter  (2a)  vertical  accuracy  required  at  the  outer  marker.  This  is  well  within  the  GPS  capability. 

3.  The  most  stringent  position  fixing  requirement  for  Category  I approach,  as  shown  in  Chapter  1,  Table  21,  is  the  5-meter 
<2o)  vertical  accuracy  required  at  the  middle  marker. 
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noting  its  GPS  coordinates  or  by  employing  a GPS  equipped  photo  reconnaissance  aircraft 
to  obtain  stereo  photographs  of  the  area.  The  approach  and  departure  routes  from  each 
airport  will  be  defined  as  a series  of  legs,  each  end  of  which  is  designed  by  a GPS  waypoint. 
An  illustration  of  the  scenario  is  given  ir.  Figure  21. 

In  conducting  the  demonstration,  each  pilot  will  make  an  instrumented  approach  and 
departure  from  each  of  the  selected  airports.  Prior  to  that  approach,  the  pilot  will  insert  the 
following  data  into  his  onboard  GPS  user  equipment:  the  GPS  coordinates  of  the  approach 
end  of  the  runway,  the  waypoints  defining  the  legs  to  be  flown  to  reach  the  runway,  the 
waypoints  defining  the  legs  to  be  flown  in  case  of  a missed  approach,  and  the  GPS 
coordinates  for  any  other  prominent  waypoint,  beacon  or  marker  in  the  area.  When  turning 
onto  the  course  to  fly  to  the  first  waypoint  in  the  approach,  the  pilot  will  set  the  controls 
of  the  GPS  receiver  such  that  it  provides  a continuous  readout  of  the  range  and  bearing  to 
the  waypoint.  These  data  will  be  used  to  fly  to  the  vicinity  of  the  waypoint  at  which  time 
the  GPS  receiver  will  be  switched  to  the  next  waypoint.  This  procedure  will  be  followed 
and  a landing  attempt  made.  If  a landing  is  made,  data  will  be  inserted  for  thet  departure.  If 
the  landing  attempt  is  unsuccessful,  the  pilot  will  switch  the  CPS  receiver  to  the  first  abort 
waypoint  and  execute  the  missed  approach  procedure. 


c.  Measures  of  Effectiveness 

The  measures  of  the  effectiveness  of  GPS  over  current  instrument  landing  systems 
include  the  reduction  in  the  time  and  effort  required  to  develop  instrument  approach 
procedures,  and  to  prepare  an  airfield  to  support  nonprecision  and  Category  I precision 
approaches.  Another  measure  is  the  reduction  in  the  time  and  effort  required  for  pilots  to 
locate  and  land  at  airfields  which  are  not  transmitting  or  are  uncontrolled. 


3.  Amphibious  Operations 

One  of  the  basic  aims  of  the  amphibious  operation  is  to  land  the  assault  force  in  such 
a way  that  each  element  of  the  fierce  can  reach  its  assigned  objective  at  the  specified  time. 
Currently  each  wave  of  landing  craft  and/or  amphibious  vehicles  used  to  land  the  assault 
force  is  guided  to  shore  by  a launch  or  control  ship.  The  landing  craft  and  amphibious 
vehicles  have  no  navigational  capability  of  their  own  except  for  maps  and  compasses.  Thus, 
the  coordination  of  the  landing  and  engagement  of  an  assault  size  force  on  unfamiliar 
terrain  is  a major  problem.  However,  the  problems  are  greatly  increased  by  adverse  weather, 
darkness  and  smoke.  Weather  and  darkness  also  adversely  affect  the  ability  of  the  amphib- 
ious task  force  to  locate  the  Amphibious  Objective  Area,  and  of  the  minesweepers  to  locate 
and  clear  the  designated  channels. 

a.  Applications  of  GPS 

In  the  proposed  demonstration  the  amphibious  task  force  would  use  GPS  in  navi- 
gating to  the  Amphibious  Objective  Area.  GPS  coordinates  would  be  used  to  fix  all  areas, 
landmarks,  etc.,  in  the  objective  area.  For  example,  the  channels  to  be  used  to  move  the 
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Figure  21.  Aircraft  Approach  and  Landing 
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troops  and  supplies  ashore  would  be  defined  in  GPS  coordinates.  The  minesweepers  would 
use  these  coordinates  to  clear  channels  of  mines.  The  ships  would  use  these  coordinates  to 
navigate  through  the  cleared  channels  to  their  assigned  launch  or  landing  area. 

Each  wave  of  landing  craft  and/or  amphibious  vehicles  would  also  be  equipped  with 
GPS  receivers.  This  equipment  would  be  used  to  guide  the  wave  ashore  in  all  types  of 
weather  as  well  as  under  the  cover  of  smoke.  The  launch  or  control  ships  currently  used  to 
guide  the  waves  ashore  would  be  eliminated.  Once  ashore,  the  amphibious  vehicles  and 
ground  troops  would  use  their  GPS  receivers  to  navigate  to  their  assigned  positions. 

b.  The  Scenario 

In  this  demonstration,  which  is  illustrated  in  Figure  22,  a GPS  equipped  task  force 
would  sail  to  the  Amphibious  Objective  Area  which  would  be  defined  in  GPS  coordinates. 
Channels  to  and  from  the  underway  launch  area  would  be  swept  clear  of  mines  as  would 
the  launch  area  itself.  Landing  points  would  also  be  described  in  GPS  coordinates,  and  the 
minesweepers  would  clear  approaches  to  these  designated  points.  Using  GPS  coordinates  to 
avoid  uncleared  and  shallow  water  areas,  patrol  craft  would  provide  a blanket  of  smoke  in 
the  area  between  the  shore  and  the  launch  area.  The  smoke  would  permi*  the  GPS  equipped 
amphibious  ships  to  remain  masked  from  visual  view  of  the  enemy  ashore  while  moving  to 
the  launch  area,  launching  their  landing  craft  and  amphibious  vehicles,  and  returning  to  the 
sea  echelon  area.  Us.ng  CPS  equipment,  and  without  the  benefit  of  the  currently  used 
launch  or  control  shins  and  flares,  the  landing  craft  and  amphibious  vehicles  would  move  to 
their  assigned  positions  behind  the  smoke-filled  area  and  remain  cn  station  until  the  first  wave 
is  assembled.  On  command,  they  would  move  out  toward  their  individual,  GPS  defined, 
landing  areas.  Waypoints,  whose  coordinates  were  inserted  into  the  GPS  receivers  prior  to 
the  launch  phase,  would  be  used  to  permit  the  landing  craft  and  amphibious  vehicles  to 
navigate  around  obstacles,  avoid  dangerous  or  uncleared  areas,  avoid  shallow  watei,  etc.,  as 
they  proceed  from  the  assembly  area  to  the  individual  landing  areas.  Upon  reaching  the 
shore  they  would  switch  their  GPS  equipment  to  indicate  the  range  and  direction  to  their 
assigned  positions. 

In  the  airborne  or  vertical  assault  phase,  GPS  equipped  helicopters  would  move  an 
infar.tr>'  force  from  the  ships  to  their  designated  LZs.  The  LZs  and  the  routes  to  be  used  to 
reach  the  LZs  would  be  defined  in  GPS  coordinates.  Flight  paths  from  the  ships  to  the  LZs 
would  be  chosen  to  best  avoid  areas  of  known  or  suspected  enemy  concentrations  and  areas 
vithin  enemy  antiaircraft  coverage.  The  routes  selected  should  afford  good  artillery  and  air 
coverage,  and  should  facilitate  nap-of-the-earth  flying. 

While  enroute  the  helicopters  would  be  required  to  (1)  call  upon  artillery  and  air 
cover  to  neutralize  suspected  areas  of  enemy  concentrations  and  (2)  deviate  from  their 
assigned  flight  paths  to  avoid  enemy  strong  points  discovered  by  the  ierd  aircraft.  These 
deviations  would  be  coordinated  with  all  other  forces  involved  including  naval  gunfire 
support,  friendly  ground  troops  to  be  overflown,  fixed  wing  air  cover  and  attack  helicopters 
flying  escort. 


UNCLASSIFIED 


3, *. 


Figure  22.  Amphibious  Operations 
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Following  the  movement  of  the  troops  ashore,  locations  requiring  resunply  would  be 
designated  in  GPS  coordinates.  These  coordinates  would  be  given  to  the  helicopters  along 
with  the  waypoints  defining  the  routes  to  the  area  requiring  the  resupply. 

c.  Measures  of  Effectiveness 

The  primary  measures  of  effectiveness  of  GPS  over  the  current  methods  of  position 
fixing  and  navigation  used  in  amphibious  operations  arc  the  degrees  lr  which  GFS  would: 

• Reduce  th,e  susceptibility  of  the  landing  f rce  to  enemy  fire  and  .mprove  the 
tactical  advantage  afforded  the  assault  fone  through  the  elimination  of  ihe 
launch  or  control  ships  and  the  ability  to  use  srione,  darkness,  st  heather  to 
cover  the  assault. 

• Reduce  the  effort  required  to  coo. dine. te  aii  elements  of  the  assau't  such  that 
the  attack  develops  as  plannee. 

• Reduce  the  effort  required  to  locate  the  Air.phioio'.s  Ooiccrive  Aiea  and 
prespec 'Tied  po  nN  within  the  -irea. 

• Reduce  < lie  effort  required  to  deime  and  clear  the  se*  lanes,  launch  area,  and 
landing  areas. 

Other  measures  are  the. 

• Re  ‘notion  in  the  size  of  the  ctarn  eh.  That  must  be  cleared. 

Lr.provemenr  m the  von-ty  of  ships  and  landing  craft  to  maneuver  around 
hazardous  areas. 

• iry  ro'.emem  in  ihe  uoihty  ol  the  elements  to  quickly  adjust  their  plans  to 
account  for  changes  in  enemy  location  or  strength. 

• improvement  «r  th-v  aeuiay  to  support  the  elements  ashore  with  gunfire  and 
supplies  ba«ed  on  imyr  >v  cd  knowledge  of  the  location  of  the  ships  and  shore 
el^meif: 

» Reduction  in  Ire  communications  required  to  coordinate  the  assault. 

4.  Attack  Heiicopp  ( Operations 

In  conducting  attack  helicopter  operations  the  helicopter  crews  currently  rely  on 
maps  and  compasses  for  navigation.  This  is  a very  difficult  method  with  which  to  navigate 
while  flying  nap-of-the-carth,  as  current  doctrine  requires  when  flying  in  the  forward  area  of 
the  division  or  in  hostile  territory.  Thus,  to  conduct  the  search  operation,  the  crew  of  the 
scout  helicopter  must  be  very  familiar  with  the  map  and  the  terrain.  In  addition,  once  the 
enemy  targets  have  been  located,  the  scout  helicopter  must  fly  back  to  the  attack  helicopter 
holding  area  and  lead  the  attack  helicopters  to  their  attack  positions.  This  is  time  con- 
suming and  causes  the  scout  helicopter  to  lose  contact  with  the  enemy. 
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a.  Applications  of  GPS 

In  the  proposed  attack  helicopter  demonstration  both  the  scout  and  the  attack 
helicopters  would  fly  nap-of-the-earth  and  use  GPS  as  their  primary  navigation  aid.  The 
scout  helicopter  crew  would  use  GPS  to  help  determine  the  coordinates  of  the  targets  and 
the  pop-up  points  from  which  they  should  be  attacked.  The  scout  helicopter  would  also 
determine  the  GPS  coordinates  defining  the  route  the  attack  helicopters  are  to  use  to  move 
from  their  holding  areas  to  the  pop-up  points.  The  attack  helicopters  would  use  these  data 
to  move  to  the  pop-up  points  and  to  engage  the  targets  without  additional  guidance.  The 
scout  helicopter  would  be  free  to  remain  in  the  attack  area  to  continue  to  observe  the 
enemy  and  to  provide  local  fire  support  for  the  attack  helicopters  when  they  arrive  or  to 
continue  the  search  for  additional  targets. 

b.  The  Scenario 

In  this  demonstration,  which  is  illustrated  in  Figure  23,  the  crew  of  a GPS  equipped 
scout  helicopter  would  be  given  an  area  to  search  with  approximate  target  locations 
indicated  in  GPS  coordinates.  They  would  also  be  given  the  type  of  target  in  each  location, 
and  navigation  routes  to  and  from  the  search  area,  defined  by  waypoints  in  GPS 
coordinates. 

The  scout  helicopter  would  conduct  a normal  search  for  each  target,  and  upon 
locating  each  one,  would  establish  a pop-up  point  for  the  attack  helicopter  as  well  as  fixing 
the  exact  location  of  the  target.  After  completing  its  search,  the  scout  helicopter  would 
determine  a route  that  the  attack  helicopter  could  use  to  fly  from  its  base  to  the  target 
areas,  attack  each  of  the  targets  in  turn  and  return  to  its  base.  Waypoints  would  be 
provided  along  the  route  to  aid  the  attack  helicopter  in  navigating  to  the  firing  positions. 
The  routes  selected  should  facilitate  nap-of-the-earth  flying  and  minimize  exposure  to 
enemy  fire.  Following  the  completion  of  this  portion  of  the  mission,  in  the  case  of 
stationary  targets,  the  scout  helicopter  would  leave  the  area  to  continue  the  search  or 
remain  to  provide  local  security  (fire  coverage)  for  the  attack  helicopter,  if  required.  In  the 
case  of  moving  targets,  the  scout  helicopter  would  remain  to  continue  to  observe  the 
targets.  The  attack  helicopter  would  then  attempt  to  follow  the  suggested  route,  pop  up  at 
the  designated  locations,  and  fix  and  fire  on  each  target.  The  mission  would  be  carried  out 
in  a near  covert  manner;  that  is,  no  information  beyond  that  noted  above  would  be 
communicated  between  the  scout  and  attack  helicopter  crews. 

In  the  demonstration  the  helicopters  are  to  fly  nap-of-the-earth.  It  is  anticipated  that 
the  crews  would  use  the  GPS  generated  data  on  the  direction  and  distance  to  the  next 
waypoint  or  pop  up  point  to  do  course  navigation  while  visually  navigating  around 
vegetation,  hills,  etc.  As  the  demonstration  progresses  and  the  helicopters  need  additional 
fuel  or  ammunition,  they  would  be  given  the  GPS  coordinates  of  a Forward  Area  Rearm/ 
Refuel  Point  (FARRP).  Different  locations  for  the  FARRP  can  be  used  to  show  its  mobility 
which  would  reduce  its  vulnerability  to  enemy  attack. 
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c.  Measures  of  Effectiveness 

The  measures  of  the  effectiveness  of  GPS  over  the  current  means  of  position  fixing 
and  navigation  used  in  attack  helicopter  operations  are  the  degrees  to  which  GPS  would: 

• Reduce  the  time  and  effort  required  for  the  scout  helicopter  crew  to  plan  and 
execute  the  search  mission,  locate  targets  and  hand  the  targets  off  to  the  attack 
helicopters. 

• Reduce  the  time  and  effort  required  to  get  the  attack  helicopters  from  the 
holding  area  to  the  pop-up  locations,  and  for  them  to  locate  and  engage  the 
targets. 

• Increase  the  speed  and  accuracy  of  navigating  from  one  point  to  another  while 
flying  nap-of-the-earth. 

• Increase  the  operational  window  by  being  able  to  operate  during  periods  of 
reduced  visibility. 

• Reduce  the  susceptibility  of  the  FARRP  to  enemy  attack  brought  about  by  its 
freedom  to  move  during  the  attack  since  the  helicopters  can  readily  locate  its 
current  position  by  GPS  coordinates. 


5.  Close  Air  Support 

In  Close  Air  Support  (CAS),  one  of  the  major  problems  is  the  hand-off  of  the  target 
from  the  Forward  Air  Controller  (FAC)  on  the  ground  to  the  attack  aircraft.  The  source  of 
the  problem  is  the  lack  of  a satisfactory  method  to  cue  the  target  acquisition  sensor 
(electro-optical  or  eye)  in  the  CAS  aircraft  to  the  target  area.  With  the  exception  of  the 
laser  designator4  current  techniques  require  the  CAS  aircraft  to  fly  to  within  the  range  of 
the  enemy  antiaircraft  capability  before  the  pilot  can  acquire  the  ground  target.  In  addition, 
while  conducting  the  search  for  the  target  the  pilot  would  usualiy  not  be  able  to  maneuver 
(jink)  the  aircraft  to  avoid  the  antiaircraft  fire.  Further,  the  potential  to  acquire  and  attack 
the  target  on  the  first  pass  is  small.  These  problems  become  even  more  difficult  during 
periods  of  reduced  visibility 


a.  Applications  of  GPS 

In  the  proposed  Close  Air  Support  demonstration  both  the  FAC  and  the  attack 
aircraft  would  be  equipped  with  GPS  receivers.  The  FAC  would  use  his  GPS  receiver  to  aid 
in  determining  the  GPS  coordinates  of  the  target.  The  pilot  would  enter  these  coordinates 
in  the  aircraft’s  GPS  receiver  to  direct  the  target  acquisition  sensor  or  heads-up-display 
(HUD)  cursor  toward  the  target  area.  Once  the  pilot  has  visually  acquired  the  target,  the 
sensor  or  cursor  pointing  angles  would  be  used  to  update  the  target’s  coordinate  in  the  GPS 
receiver.  Steering  signals  from  the  receiver  would  then  be  used  to  hold  the  sensor  or  cursor 
on  the  target  as  the  pilot  maneuvers  into  position  and  makes  the  attack  run. 

4.  Laser  designation  allows  the  aircraft  to  stand  off  from  the  target.  However,  it  requires  the  FAC  to  illuminate  the  target 
with  a light  beam  during  the  target  acquisition  phase,  which  may  give  away  his  position. 
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b.  The  Scenario 

In  this  demonstration,  which  is  illustrated  in  Figure  24,  a ground  FAC  would  use  a 
GPS  manpack,  an  azimuth  scale  and  a laser  rangefinder  to  determine  the  GPS  coordinates  of 
the  targets  in  the  following  manner.  First,  he  would  use  his  manpack  to  determine  the 
bearing  to  a landmark  visible  in  the  distance.  The  GPS  coordinates  of  this  landmark  could 
be  provided  from  intelligence  prior  to  the  advance  or  the  FAC  himself  could  obtain  them  as 
he  moves  to  his  position.  This  bearing  line  would  be  entered  into  a device  (such  as  the 
GVS-5  laser  rangefinder)  with  an  azimuth  sci  le.  Then  by  rotating  the  !ine-of-sight  onto  the 
target,  the  target’s  azimuth  relative  to  the  FAC’s  position  would  be  read  directly  from  the 
scale.  This  bearing  along  with  the  range  from  the  FAC’s  position  to  the  target,  which  the 
FAC  would  determine  with  a laser  rangefinder,  would  be  used  by  the  GPS  manpack  to 
determine  the  GPS  coordinates  of  the  target.  The  FAC  would  provide  these  coordinates  to 
the  Direct  Air  Support  Center  for  relay  to  the  CAS  aircraft.5 

The  CAS  aircraft  would  be  equipped  with  a TiSEO6  and  an  inertial  measurement 
system  in  addition  to  a GPS  receiver.  Upon  receiving  the  attack  mission,  the  crew  of  the 
CAS  aircraft  would  enter  the  GPS  target  coordinates  into  the  GPS  receiver.  The  receiver 
would  then  provide  the  pilot  with  the  range  and  bearing  of  the  target  relative  to  the 
aircraft.  The  receiver  and  the  inertial  system  would  also  provide  steering  signals  to  the 
TISEO  system  to  bring  the  target  area  into  the  field  of  view.  The  pilot  would  center  the 
TISEO  cursor  on  the  intended  target.  Using  these  new  pointing  angles  the  receiver  would 
update  the  location  of  the  target  in  its  memory.  This  target  acquisition  phase  would  be 
done  with  the  CAS  aircraft  at  the  greatest  possible  range  from  the  target  area,  since  one  of 
the  objectives  of  the  demonstration  is  to  show  the  ability  to  acquire  targets  beyond  the 
range  of  enemy  antiaircraft  capability. 

Once  the  target  has  been  acquired  and  its  coordinates  updated  in  the  GPS  receiver, 
the  pilot  would  select  a point  from  which  to  make  his  attack  run  and  fly  to  it,  maneuvering 
along  the  way  to  avoid  enemy  antiaircraft  fire.  During  this  period  the  GPS  system  would 
continue  to  provide  the  pilot  with  range  and  bearing  to  the  target  and,  with  the  aid  of  the 
inertial  system,  steering  signals  to  the  TISEO  to  keep  it  pointed  toward  the  target’s  location 
even  though  the  view  of  the  target  may  be  obstructed  by  hills,  trees,  etc.,  since  the  pilot 
may  very  well  elect  to  avoid  line-of-sight  with  the  target  area  as  he  is  maneuvering  into  a 
position  from  which  to  begin  the  attack  run. 

As  the  pilot  begins  to  make  the  attack  run,  if  he  cannot  see  the  target,  he  would  fly 
so  as  to  align  the  cursor  with  the  aircraft’s  line-of-flight  since  this  provides  the  direction  to 
the  target  and  the  best  potential  for  a one  pass  attack.  When  the  target  comes  into  view  the 


/ 


5.  In  some  cases  the  FAC  might  prefer  to  provide  the  GPS  coordinates  of  his  position,  and  target  range  and  bearing 
relative  to  his  position.  However,  for  security  reasons,  it  would  seem  preferable  for  the  FAC  not  to  announce  the  location 
of  his  position.  Since  the  computer  in  the  GPS  receiver  will  be  programmed  to  provide  the  GPS  coordinates  of  the  targets 
based  on  the  range  and  bearing  from  its  current  position  (which  the  FAC  could  easily  input),  the  increased  effort  required 
by  the  FAC  should  be  insignificant. 

6.  Target  Identification  System,  Electro-Optical.  However,  other  systems  Such  as  PAVE  SPIKE,  PAVE  TACK,  LATAR,  or 
HUD  could  be  used. 

136 


UNCLASSIFIED 


UNCLASSIFIED 


pilot  would  position  the  cursor  in  the  disptay  on  the  intended  impact  point.  The  appro- 
priate target  location  data  would  be  fed  into  the  weapon  release  computer  which  would 
select  the  weapon  release  point.  The  pilot  would  release  the  weapon  at  the  time  indicated 
by  the  computer. 

During  the  attack  run,  the  pilot  would  continue  jinking  to  reduce  his  susceptibility  to 
antiaircraft  fire  except  for  any  settling  time  required  by  the  weapon  release  computer. 

c.  Measures  of  Effectiveness 

The  measures  of  the  effectiveness  of  GPS  over  the  current  means  of  position  fixing 
and  navigation  used  in  the  CAS  operations  include  the  reduction  in  the  susceptibility  of  the 
aircraft  to  antiaircraft  fire.  This  is  brough.  about  by  four  factors  that  are  individually 
measurable.  The  first  is  the  increase  in  the  range  at  which  the  pilot  can  acquire  the  ground 
targets.  The  second  is  the  decrease  in  the  time  the  aircraft  is  within  the  range  of  the  enemy 
weapons.  The  third  is  the  improvement  in  the  ability  to  maneuver  to  avoid  the  antiaircraft 
fire  when  flying  within  its  range.  This  includes  the  breaking  of  the  line-of-sight  with  the 
target  once  it  has  been  acquired.  The  fourth  factor  is  the  increased  probability  of  executing 
a one  pass  attack.  Other  measures  are  the  reduction  of  the  pilot’s  workload  during  the 
target  acquisition  and  attack  phases  of  the  mission,  the  reduction  in  the  prebriefing  and 
target  area  knowledge  necessary  for  the  pilot  to  operate  effectively  in  a CAS  environment, 
and  the  decrease  in  the  FAC’s  susceptibility  to  enemy  fire  brought  about  by  the  reduction 
in  the  communications  necessary  to  specify  the  target’s  location  to  the  pilot. 

6.  Forward  Observer  and  Artillery  Operations 

In  this  type  of  operation  the  Forward  Observer  (FO)  determines  the  coordinates  of 
the  targets  and  provides  them  to  the  artillery  battery  via  the  Fire  Direction  Center.  To 
determine  the  coordinates  of  a target  the  FO  needs  to  know  his  location,  the  range  from  his 
position  to  the  target  and  the  bearing  of  the  target  with  respect  to  some  reference. 
Currently,  the  primary  equipment  available  to  him  with  which  to  determine  these  data  is  a 
map  of  the  area  and  a magnetic  compass.  The  artillery  battery  also  requires  an  accurate 
knowledge  of  its  position  as  well  as  a reference  line  of  bearing.  This  is  currently  provided 
by  ground  sur'eys.  However,  the  survey  teams  may  lag  several  hours  behind  the  Army’s 
current  mobile  artillery  capability.  This  tends  to  reduce  the  effectiveness  of  the  mobile 
artillery,  since  several  rounds  may  have  to  be  fired  and  successively  corrected  by  the  FO 
before  the  target  is  effectively  engaged. 

a.  Application  of  GPS 

In  the  proposed  demonstration,  both  the  FO  and  the  artillery  battery  would  use  GPS 
receivers  to  locate  their  positions.  The  FO  would  also  use  his  receiver  to  determine  a 
reference  bearing  which  would  then  be  used  in  determining  the  bearing  from  the  FO’s 
position  to  the  target. 
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b.  The  Scenario 

In  this  demonstration,  which  is  illustrated  in  Figure  25,  a test  umpire  would  designate 
each  of  the  targets  to  an  FO.  The  FO  would  use  his  GPS  manpack  to  help  determine  the 
GPS  coordinates  of  the  target.7  These  coordinates  would  be  provided  to  the  Fire  Direction 
Center  for  subsequent  transmittal  to  the  artillery  battery. 

Upon  receiving  the  fire  mission  the  artillery  battery,  which  would  be  moving,  would 
select  a firing  position  and  lay  the  battery  using  their  GPS  receiver  and  azimuth/bearing 
indicator  equipment.  Using  the  target  coordinates  provided  by  the  FO,  the  battery  would 
determine  its  tiring  data  and  commence  firing.  The  FO  would  conduct  subsequent 
adjustments. 

c.  Measures  of  Effectiveness 

The  measures  of  effectiveness  of  GPS  over  the  current  means  of  position  fixing  used 
in  the  Forward  Observer  and  artillery  operations  include  the  degrees  to  which  GPS  would: 

• Reduce  the  time  required  for  the  FO  to  determine  his  location. 

• Improve  the  accuracy  with  which  the  target  can  be  located. 

• Improve  the  first  round  accuracy  as  shown  by  the  actual  impact  locations  of 
the  artillery  rounds. 

• Reduce  the  time  and  effort  required  to  lay  the  battery  and  effectively  engage 
the  target  as  indicated  by  the  time  necessary  to  place  sufficient  rounds  within 
the  lethal  range  of  the  target  so  as  to  destroy  it. 

• Reduce  the  necessity  to  rely  on  registration  rounds  that  may  be  obscured  by 
weather,  smoke,  etc. 

7.  Photo  Reconnaissance  and  Coordinate  Bombing 

Previous  studies  have  shown  that  coordinate  bombing  with  conventional  bombs  can 
be  improved  if  position  fixing  accuracies  which  are  better  than  those  attainable  with 
LORAN  can  be  provided.8’9  Furthermore,  the  accuracy  with  which  the  targets  are  to  be 
located  by  the  reconnaissance  system  must  be  commensurate  with  that  of  the  system  that 
is  to  be  used  to  strike  the  targets.  That  is,  if  a photo  reconnaissance  aircraft  is  used  to 
collect  target  imagery  from  which  target  coordinates  are  to  be  determined,  then  the  position 
fixing  system  in  the  reconnaissance  aircraft  should  be  at  least  as  accurate  as  that  in  the 
stoke  aircraft.  In  addition,  the  effort  required  by  the  photo  interpreters  to  determine  the 
coordinates  of  target  increases  as  the  accuracy  of  the  photo  reconnaissanc?  system 
decreases. 


7.  Sec  Section  5.b  for  details. 

8.  Sensitivity  of  Mission  Performance  to  Position  Fixing  Accuracy,,  IDA  Study  S-409,  January  1973,  SECRET. 

9.  Defense  Navigation  Satellite  System  Study,  IDA  Report  R-190,  July  1973,  SECRET. 
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Figure  25.  Forward  Observer  and  Artillery  Operations 
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a.  Applications  of  GPS 

In  the  proposed  photo  reconnaissance  and  coord:nate  bombing  demonstration,  both 
the  photo  reconnaissance  aircraft  and  the  strike  aircraft  would  be  equipped  with  a GPS 
receiver  integrated  with  an  inertial  system.  The  pilot  in  the  photo  reconnaissance  aircraft 
would  use  his  GPS  equipment  to  navigate  to  the  target  area.  As  the  photographs  of  the 
target  area  are  being  taken,  aircraft  position  data  from  this  receiver  would  be  recorded  on 
the  film.  These  data  would  then  be  used  by  the  photo  interpreters  to  determine  GPS 
coordinates  of  the  targets  recorded  on  the  film.  These  coordinates,  along  with  waypoints 
defining  the  route  to  and  from  the  target  areas,  would  be  used  by  the  strike  aircraft  to 
attack  the  targets. 

b.  The  Scenario 

In  the  photo  reconnaissance  mission,  the  pilot  would  be  given  the  GPS  coordinates  of 
the  area  to  be  photographed  as  well  as  the  information  on  the  target  type  and  photo 
requirements  currently  provided.  He  would  enter  the  coordinate  into  his  GPS  receiver  along 
with  those  of  the  waypoints  defining  the  route  to  the  target  area.  He  would  then  use  the 
GPS  equipment  to  navigate  to  the  area  and  take  the  desired  photographs.  Position  data 
from  the  receiver  would  be  recorded  on  the  film  as  the  photographs  are  being  taken.  This 
part  of  the  demonstration  could  be  conducted  at  night  or  against  camouflaged  targets  (e.g., 
using  photo  flash  or  IR  film)  to  show  the  additional  improvement  GPS  provides  for  these 
types  of  missions. 

Ground  checkpoints,  recorded  on  the  film,  would  be  used  to  determine  how  well  the 
reconnaissance  aircraft  was  able  to  fly  the  photo  mission  using  the  given  coordinates.  These 
ground  checkpoints  would  be  surveyed  in  with  a GPS  receiver  on  the  ground. 

The  photo  interpreter,  using  the  position  data  recorded  on  the  film,  would  determine 
the  GPS  coordinates  of  the  targets.  These  coordinates  would  be  provided  to  the  pilot  of  the 
strike  aircraft  who  would  enter  them  into  his  GPS  receiver  along  witii  the  waypoints 
defining  the  route  the  strike  mission  is  to  follow.  Using  these  navigation  data  the  pilot 
would  fly  the  strike  aircraft  over  the  target.  The  GPS  receiver  would  provide  the  weapon 
release  computer  with  navigation  data  so  that  it  could  compute  the  release  point  and  release 
the  bombs.  The  scenario  is  illustrated  in  Figure  26. 

c.  Measures  of  Effectiveness 

The  measures  of  effectiveness  of  GPS  over  LORAN  for  position  fixing  and  navigation 
in  photo  reconnaissance  and  coordinate  bombing  missions  include  the  degrees  to  which  GPS 
would: 

• Reduce  the  time  required  by  the  pilot  of  the  photo  reconnaissance  aircraft  to 
plan  the  mission. 

• Reduce  the  susceptibility  of  the  photo  reconnaissance  aircraft  to  enemy  fire 
due  to  decreased  time  in  the  target  area. 
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• Reduce  the  time  required  for  the  photo  interpreter  to  derive  the  target 
coordinates. 

• Increase  the  bombing  accuracy  of  the  strike  aircraft. 

8.  GPS  Applications  Diustrated  by  the  Operational  Demonstrations 

The  potential  applications  of  the  GPS  receivers  that  each  operational  demonstration 
will  illustrate  are  shown  in  Table  50a  and  50b. 

9.  Additional  Considerations 

The  research  done  for  this  report  indicates  that  the  Service  agencies  having  doctrinal 
responsibility  for  the  areas  covered  by  the  demonstrations  proposed  in  this  report  have  not 
been  tasked,  at  the  time  of  this  writing,  to  design,  develop,  conduct  or  support  any  GPS 
demonstrations.  In  addition,  it  is  expected  that  additional  user  equipment,  or  at  least  a 
reallocation  of  the  equipment  currently  on  order,  would  be  required  to  accomplish  the 
proposed  demonstrations.  Thus,  it  can  be  seen  that  a considerable  amount  of  coordination 
between  DDR&E,  the  Service  agencies  involved,  the  GPS  JPO,  and  the  u ;er  equipment 
vendors  would  be  required  to  successfully  conduct  the  demonstrations  proposed  in  this 
report. 
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Applications  of  GPS 


Target  Acquisition  and  Weapon 
System  Handoff 

Photo  (Airborne)  Reconnaissance 
Forward  Observer  or  FAC  (Air  or  Ground) 


Weapon  Delivery 

Coordinate  Bombing 
Field  Artillery 
Shore  Bombardment 
Weapon  Acquisition  Basket 


Coordinated  Operations 

Amphibious  Assault 
Airmobile  Operations 
Armor  Operations 
Close  Air  Support 
Search  and  Rescue 
Antisubmarine  Warfare 
Naval  Task  Force  Operations 


Navigation 

Helicopter  NOc 
Aircraft  Approach  and  Landing 
Long  Range  Patrols 
Riverine  Operations 
Buoy  and  Mine  Placement 


Rendezvous 

Combat  Resupply 
Air  Cargo  Release 
Aircraft  Carrier  Landings 
Extraction  of  Troops 
Medevac 


Surveys 

Military  Land  Maps 
Artillery 


Test  Range  Instrumentation 


Operatic;  -a1  Demonstrations 

Forward  Photo- 

Observer  Reconnaissance 

and  and  Attack 

Close  Air  Artillery  Coordinate  Helicopter 

Support  Operation  Bombing  Operations 


X-Complatc 

P-Partial  Demonstration 
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Chapter  IV 

TASK  3:  PROGRAMS  THAT  MAY  BENEFIT  FROM  THE  EARLY 
AVAILABILITY  OF  GPS  TEST  RANGE  INSTRUMENTATION 


A.  INTRODUCTION 


One  potential  use  of  GPS  is  its  application  in  test  range  instrumentation.  As  an 
example,  a GPS  receiver  could  be  placed  aboard  the  test  vehicle  and  any  of  the  data 
available  within  the  receiver  (e.g.,  x,  y,  z x,  y,  z,  t)  could  be  recorded  on  tape.  Thus,  a 
complete  time  history  of  the  vehicle’s  position  and  velocity  during  the  test  or  exercise 
would  be  available  for  direct  comparison  with  similar  tapes  from  other  vehicles  or  with  the 
output  of  onboard  position  and  velocity  equipment  under  test. 

Another  approach  is  to  use  a translator  onboard  the  test  vehicle  to  modify  the  carrier 
of  the  GPS  satellite  signals  received  at  the  antenna  and  retransmit  them  to  an  off-vehicle 
location  for  processing  to  determine  the  vehicle’s  position  and  velocity. 

The  Navy  Trident  Program  plans  to  use  GPS  as  an  instrumentation  system  to  provide 
data  for  post-flight  accuracy  evaluation.  The  approach  selected  is  to  place  a translator  in  the 
Trident  missile  to  retransmit  the  satellite  signals  to  a control  ship  below.  The  control  ship 
will  record  these  signals.  A post-flight  processing  method  will  be  used  to  develop  refined 
position  and  velocity  profiles  for  the  launches. 

As  noted  in  Appendix  A,  the  last  of  the  six  GPS  satellites  in  Phase  I is  scheduled  to 
be  launched  in  November  1977.  These  six  satellites  will  provide  position,  velocity,  and  time 
data  over  CONUS  and  regions  in  the  Atlantic  and  Pacific  Oceans  adjacent  to  CONUS.  These 
data  will  be  available  at  locations  within  this  area  from  1 to  3 hours  daily.  Although  the 
time  period  at  any  particular  location  may  vary  from  day  to  day,  it  is  expected  that  the 
time  period  and  the  GDOPs  available  for  any  day  at  any  location  will  be  predictable  well  in 
advance. 

The  projected  precision  of  the  GPS  system  during  the  three  phases  of  development  is 
contained  in  Appendix  A.  The  system,  although  very  precise  by  current  standards  for 
naviption  systems,  may  not  be  sufficiently  accurate  for  some  applications  of  range  instru- 
mentation. However,  improved  accuracy  can  be  obtained  from  the  GPS  equipment  by  uing 
transmitters  on  the  ground  rather  than  in  the  satellites  (e.g.,  to  eliminate  atmospheric 
effects).  The  more  ground  transmitters  used,  the  greater  the  improvement  in  precision. 
Furthermore,  transmitters  on  the  ground  might  also  be  used  to  provide  extended  time  and 
area  coverage  during  the  early  phases  of  the  GPS  program. 
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B.  APPROACH 

The  objective  of  this  task  was  to  “identify  those  use:  systems  currently  under 
development  which  could  benefit  from  the  early  availability  of  the  GPS  Test  Range 
Instrumentation.”  Since  there  is  no  direct  way  to  locate  the  potential  programs  among  the 
very  large  number  of  programs  being  worked  on  in  the  Services,  the  planned  approach  was 
to: 

• Identify  major  programs  having 

(1)  A significant  amount  of  testing  scheduled  after  November  1977, 
and 

(2)  Data  requirements  which  include  position,  velocity,  and  time 
by  reviewing 

(1)  The  latest  available  RDT&E  descriptive  summaries, 

(2)  Test  range  schedules,  and 

(3)  Plans  and  schedules  of  the  Service  operational  test  agencies;  OTEA, 
MCDEC,  OPTEVFOR  and  AFTEC. 

• Discuss  the  programs  identified  above  with  the  appropriate  program  offices,  test 
managers,  and  program  monitors  to  determine  if  the  project’s  requirements 
exceed  current  range  instrumentation  capability  and  if  there  would  be  any 
benefit  in  using  the  GPS  test  range  instrumentation  capability. 

• Identify  those  programs  having  testing  needs  that  will  potentially  require  the 
acquisition  of  additional  test  range  instrumentation  and  that  could  be  satis- 
fied by  GPS  test  range  instrumentation.  For  each  program  identified,  list  its 
specific  testing  needs. 

The  planned  approach  was  followed  to  the  extent  time  allowed  except  that  the  only 
RDT&E  descriptive  summaries  available  were  the  Army  and  Air  Force  summaries  for  FY 
1975.  However,  the  major  difficulty  encountered  was  that  requirements  for  tests  to  be 
conducted  after  November  1977  were  found  to  be  incomplete  or  nonexistent.  Furthermore, 
most  requirements  that  did  exist  seemed  to  reflect  current  range  capability.  That  is,  the 
philosophy  appeared  to  be  one  of  requesting  what  could  currently  be  obtained  rather  than 
requesting  data  that  might  require  an  advance  in  the  state-of-the-art.  Thus,  the  potential 
benefits  that  have  been  identified  can  be  considered  only  as  such  since  to  date  no  test 
requirements  appear  to  have  been  written  that  require  the  use  of  GPS  other  than  those 
for  Trident  I.  In  addition,  cost  implications  and  test  schedule  constraints  imposed  by  the 
necessity  to  use  current  range  instrumentation  couh  not  be  ascertained  at  this  early  date. 
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C.  PROGRAMS  IDENTIFIED  AS  HAVING  A POTENTIAL  BENEFIT 

From  the  available  documentation,  scheduled  briefings  and  discussions,  approximately 
70  programs  were  noted  as  potentially  having  a significant  amount  of  testing  after  Novem- 
ber 1977  that  would  require  the  recording  of  position,  velocity,  and/or  time  data.  About 
26  of  these  programs  were  selected  for  review  with  their  respective  program  offices,  test 
managers,  or  program  monitors.  From  these  discussions,  seven  programs  have  been  identified 
as  potentially  benefiting  from  the  early  availability  of  the  GPS  test  range  instrumentation. 
Included  are  the  B-l  and  F-16  aircraft,  the  Air-Launched  and  Sea-Launched  Cruise  Missiles, 
the  MINUTEMAN  X strategic  missile,  and  the  SAM-D  and  SHORAD  air  defense  systems. 
Each  of  these  programs  has  range  testing  needs  that  probably  require  the  acquisition  of 
additional  instrumentation.  The  specific  testing  needs  which  GPS  may  be  able  to  satisfy  for 
each  of  these  programs  are  discussed  below.  A summary  of  the  discussion  is  contained  in 
Table  51. 


Table  51.  Summary  of  Program  Testing  Needs  Potentially  Satisfied  by  GPS 


Program 

Testing  Needs  Potentially  Satisfied  by  GPS 

Aircraft 

B-1 

• Improved  flight  path  freedom. 

• Position  and  velocity  data  for  low-altitude  flights  over  water. 

• Continuous  position  and  velocity  data  against  which  to  evaluate 
onboard  systems. 

F-16 

• Improved  flight  path  freedom. 

• Continuous  position  and  velocity  data  against  which  to  evaluate 
onboard  systems. 

• Mobile  test  range  capability  to  support  operational  climatic  tests 
and  future  foreign  sales. 

Antiaircraft  Systems 
SAM-D  and  SHORAD 

• Mobile  test  range  capability  to  support  operational  tests. 

• Improved  capability  to  monitor  multiple  target  tracks. 

Missiles 

Air-Launched  Cruise 
Missile 

* Instrumentation  to  support  longer  flight  paths. 

MINUTEMAN  X 

• Data  to  evaluate  range  capability. 

• Increased  azimuth  launch  freedom. 

Sea- Launched  Cruise 
Missile 

• Instrumentation  to  fill  gaps  in  radar  coverage. 
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1.  Aircraft 

B-l.  Low  altitude,  over-water  flights  are  scheduled  to  be  conducted  at  Vandenberg 
Air  Force  Base.  However,  the  Space  and  Missile  Test  Center  at  Vandenberg  considers  the 
current  range  instrumentation  (radars)  to  be  inadequate  for  this  test.  An  onboard  GPS 
receiver  could  be  used  to  compute  the  position  and  velocity  of  the  aircraft  for  onboard 
recording  or  relay  to  a ground  or  airborne  control/monitor  station.  In  addition,  the  current 
concept  for  onboard  navigation  system  evaluation  requires  the  aircraft  to  fly  over  specific 
points  on  the  ground  (navigation  check  points).  This  limits  the  flight  paths  that  are 
available  to  test  the  aircraft’s  navigation  system.  An  onboard  GPS  receiver  could  alleviate 
this  limitation.  Furthermore,  the  onboard  GPf  cvstem  would  provide  continuous  position 
and  velocity  profiles  against  which  the  B-l  navigation  system  could  be  evaluated.  This  could 
reduce  the  number  of  flights  required. 

F-16.  There  is  no  instrumented  range  capability  in  the  areas  to  be  used  to  conduct 
Lire  climatic  tests.  An  onboard  GPS  receiver  could  be  used  to  provide  the  range  instrumenta- 
tion for  this  test.  In  addition,  onboard  GPS  equipment  would  provide  continuous  position 
and  velocity  profiles  against  which  the  F-16  navigation  system  could  be  evaluated.  This 
could  reduce  the  number  of  flights  required  to  obtain  the  necessary  data.  It  could  also 
provide  improved  flight  path  freedom,  especially  to  test  the  F-l6’s  low-level  capability. 
Furthermore,  an  onboard  GPS  system  could  provide  (in  Phase  II  or  Phase  III  of  the  GPS 
Program)  mobile  instrumentation  to  support  foreign  sales. 

2.  SAM-D  and  SHORAD  Air  Defense  Systems 

These  air  defense  systems  have  multiple  target  tracking  capabilities  that  must  be 
evaluated  in  tactical  environments  at  a number  of  different  test  sites.  These  sites  do  not 
currently  have  adequate  range  instrumentation.  Currently  available  instrumentation  that 
could  be  used  to  equip  each  site  or  be  moved  from  site  to  site  to  support  the  tests  has 
already  been  judged  as  too  expensive.  Pods,  each  containing  a GPS  receiver  and  a recorder, 
which  could  be  mounted  on  the  aircraft  designated  to  support  the  test  and  removed  after 
the  test,  could  potentially  satisfy  this  need  for  a mobile  test  range  with  a multiple  target 
tracking  capability.: 

3.  Missiles 

Air-Launched  Cruise  Missile  (ALCM).  At  the  present  time  there  is  no  sufficiently 
instrumented  test  range  which  is  long  enough  to  test  the  long  range  capability  of  ALCM’s 
guidance  system,  which  includes  TERCOM  and  therefore  must  be  tested  over  land.  The 
current  concept  is  to  fly  the  missile  in  a racetrack  or  circular  pattern.  However,  this  may 
not  be  a sufficient  test.  An  alternate  approach  would  be  to  use  an  onboard  GPS  receiver  to 
provide  real-time  position  and  velocity  information  to  an  airborne  or  ground  control  center. 
This  approach  might  provide  sufficient  data  such  that  the  missile  could  be  allowecf  to  fly 
beyond  the  current  limits  of  the  range  or  between  ranges.  In  addition,  the  GPS  receiver  may 
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allow  the  missiles  to  be  flown  over  a larger  variety  of  flight  paths  that  could  add  to  the 
completeness  of  the  evaluation. 

MINUTEMAN  X (MX).  MINUTEMAN  flight  tests  are  being  conducted  at  Vandenberg 
Air  Force  Base.  The  impacts  are  nominally  in  the  Kwajalein  area  with  the  evaluation  of  the 
missile  accuracy  being  based  on  data  from  the  metric  tracking  systems  available  along  the 
flight  trajectory.  The  increased  range  potential  of  the  MX  and  the  desire  to  test  the  missile 
along  more  than  one  launch  azimuth  may  require  range  instrumentation  beyond  that 
currently  available.  The  use  of  an  onboard  GPS  receiver  to  continuously  determine  the 
location  and  velocity  of  the  missile  for  transmission  to  a land  or  shipboard  control  station 
could  provide  the  range  instrumentation  required  to  exercise  the  range  and  azimuth 
capabilities  of  the  missile. 

Sea-Launched  Cruise  Missile  (SLCM).  The  requirement  exists  to  fly  these  missiles  over 
land  to  test  their  guidance  system  which  includes  TERCOM.  The  current  approach  is  to 
have  test  flights  originate  at  the  Pacific  Missile  Range  and  go  inland  to  one  of  the  air  bases 
(e.g.,  Dugway  AFB,  Utah,  or  Mountain  Home  AFB,  Idaho).  The  flight  paths  currently 
selected  for  use  in  these  tests  do  not  have  adequate  radar  coverage.  One  possibility  for 
closing  the  gaps  in  the  radar  coverage  is  to  place  a GPS  receiver  and  a transmitter  onboard 
the  missile.  The  GPS  receiver  could  continuously  determine  the  position  and  velocity  of  the 
missile.  The  onboard  transmitter  could  relay  the  dna  to  an  airborne  or  ground  control/ 
monitor  station  where  it  could  be  analyzed  to  determine  if  the  missile  is  following  its 
prespecified  track. 


D.  ADDITIONAL  CONSIDERATIONS 


The  utility  of  GPS  as  range  i 
cost,  size,  external  drag,  and  install* 
expected  that  user  equipment  in 
with  some  modifications)  will  be  reqi 


■ation  will  be  inversely  related  to  the  weight, 
*ts  of  the  GPS  equipment.  Furthermore,  it  is 
' that  currently  being  purchased  (and  perhaps 
>r  the  programs  identified  to  take  advantage  of 


early  availability  of  the  GPS  test  range  instrumentation  capability.  In  addition,  it  can  be 
seen  that  considerable  coordination  between  DDR&E,  the  programs,  the  GPS  JPO  and  the 
user  equipment  vendors  would  be  required  to  successfully  take  advantage  of  this  range 
instrumentation  capability  on  a significant  basis. 

Finally,  to  keep  the  cost  of  using  the  GPS  approach  down,  consideration  should  be 
given  to  developing  an  arrangement  whereby  each  project  could  obtain  the  GPS  equipment 
(with  maintenance)  required  to  accomplish  its  range  instrumentation  task,  return  the 
equipment  after  completing  the  task  and  pay  only  its  prorated  share  of  the  equipment’s 
cost  and  maintenance.  For  example,  for  aircraft  applications  a standard  pod  (containing  a 
GPS  receiver  with  recorder)  could  be  developed  that  could  be  attached  to  many  different 
types  of  aircraft.  To  use  the  pod,  it  would  only  be  necessary  for  the  user  to  set  controls 
indicating  the  parameters  to  be  recorded  and  the  sampling  frequency,  insert  a blank  tape 
cartridge  and  attach  the  pod  to  the  aircraft.  A similar  set  could  be  provided  for  land  and 
sea  based  test  vehicles. 
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Appendix  A 

SUMMARY  OF  NAVSTAR  GPS  PROGRAM 


A.  BACKGROUND 

The  first  satellite  navigation  system  (TRANSIT)  was  developed  by  the  Navy  to 
provide  a worldwide,  two-dimensional  positioning  capability-primarily  to  support  sub- 
marines. The  first  satellites  were  launched  in  the  mid-60s  and  the  system  is  currently 
operational.  Concurrent  with  the  development  of  l'RANSIT,  the  Navy  and  Air  Force 
pursued  extensive  studies,  experiments,  and  hardware  developments  to  devise  a satellite 
navigation  system  which  would  overcome  some  of  the  deficiencies  of  TRANSIT  and  thus  be 
potentially  more  useful  to  a larger  spectrum  of  military  users.  The  Navy  sponsored  the 
TIMATION  program  which  emphasized  the  development  of  high  stability  oscillators,  accu- 
rate time  transfers  and  three-dimenstional  navigation.  The  Air  Force  also  performed  concept 
and  system  design  studies  for  a very  accurate  three-dimensional  navigation  system  called 
62 IB,  which  culminated  in  a series  of  experiments  at  Holloman  Air  Force  Base  and  the 
White  Sands  Missile  Range.  The  integration  of  these  separate  activities  was  initiated  by  a 
memorandum  issued  by  the  Deputy  Secretary  of  Defense  on  17  April  1973.  This  memo 
designated  the  Air  Force  as  the  lead  Service  to  coalesce  the  best  concepts  into  a single 
system  that  would  satisfy  the  needs  of  all  the  military  Services.  This  exercise  resulted  in  a 
proposal  to  develop  NAVSTAR  GPS  and  the  establishment  of  a Joint  Program  Office  (JPO) 
with  active  participation  by  the  Army,  Navy,  Marines  and  Air  Force.  The  jointly  proposed 
GPS  program  was  briefed  to  DSARC  1 on  13  December  1973,  and  was  approved  by  the 
Deputy  Secretary  of  Defense  in  a memo  to  the  Secretaries  of  the  Military  Departments  on 
22  December  1973. 

B.  NAVSTAR  SYSTEM  DESCRIPTION 

NAVSTAR  GPS  is  a space-based  radio  position  fixing  and  navigation  system  that  has 
the  potential  for  providing,  on  a global  basis,  highly  accurate  three-dimensional  position, 
velocity,  and  system  time  information  to  users  equipped  with  suitable  (passive)  receivers.  As 
illustrated  in  Figure  A-l,  NAVSTAR  GPS  consists  of  three  major  segments;  namely,  the 
space  system,  the  control  system,  and  the  user  system  segments.  These  are  briefly  discussed 
below. 
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GPS  SATELLITES 


• 3-D  PRECISE  POSITION  AND  VELOCITY 

• WORLDWIDE  COMMON  GRID 

• PASSIVE  ALL-WEATHER  USER  OPERATIONS 
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Figure  A-l.  NA  VSTAR  GPS  Concept 


1.  Space  System  Segment 

It  is  planned  that  the  operational  space  segment  will  consist  of  three  equi-spaced 
planes  of  satellites  in  circular,  12-hour1  (~10,000  nmi)  orbits,  with  an  inclination  of  63 
degrees.  Each  orbital  plane  is  to  contain  eight  suitably  phased  satellites,  for  a total  of  24. 
Each  satellite  will  transmit  a composite  waveform  consisting  of  a Protected  (P)  Signal  and  a 
Clear/Acquisition  (C/A)  Signal  in  phase  quadrature.  The  P Signal  will  be  used  by  the 
precision  military  user  and  is  being  designed  to  resist  jamming,  spoofing,  and  multipath  and 
also  be  deniable  to  unauthorized  users  by  employing  transmission  security  (TRANSEC) 
devices.  The  C/A  Signal  will  serve  as  an  aid  to  the  acquisition  of  the  P Signal,  and  will  also 
provide  an  uncoded  (clear)  navigation  signal  to  both  the  military  and  civil  user. 


1.  The  desired  period  is  one-half  of  a sidereal  day  (approximately  1 1 hrs.  58  mm.).  This  synchronizes  the  satellites  to  the 
.earth  in  that  the  ground  tracks  are  repeated  every  two  orbits  (or  about  once  a day). 
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Both  the  P and  C/A  Signals  are  Pseudo  Noise  Biphase  Shift  Keyed  (PN/BPSK) 
continuous  sinusoidal  carriers  and  both  signals  carry  system  data.  System  data  will  consist 
of  such  information  a->  satellite  ephemeris,  ionospheric  propagation  corrections,  and  satel- 
lite clock  biases.  Each  space  vehicle  will  be  assigned  a unique  set  of  pseudo  noise  codes  of 
seven  days’  length  for  the  P signal  and  one  msec  length  for  ihe  C/A  signal. 

It  is  planned  the  navigation  signals  will  be  transmitted  on  two  channels;  Lj  and  L^. 
Channel  Lj,  the  Primary  Navigation  Channel  will  be  1575 .4  MHz  and  will  carry  both  the  P 
and  the  C/A  Signals.  Channel  L2,  the  Secondary  Navigation  Channel,  will  be  1227.6  MHz 
and  will  carry  the  P and  the  C/A  Signal,  but  not  simultaneousl.'..  System  data  will  always  be 
carried  on  both  channels.  The  additional  L2  signal  will  perrm*  the  high  accuracy  user  to 
more  accurately  determine  the  ionospheric  group  delay. 

The  signal  waveform  is  being  specifically  designed  to  allow  system  time  to  be 
conveniently  and  directly  extracted  in  terms  of  standard  units  of  dv.’s.  hours,  minutes,  and 
integer  multiples  and  submultiples  of  the  second. 


2.  Control  System  Segment 

Four  widely  separated  Monitor  Stations  will  passively  measure  range  and  velocity  time 
histories  of  all  satellites  in  view.  This  information  will  be  processed  at  the  Master  Control 
Station  (possibly  collocated  with  a Monitor  Station)  to  use  in  determim  ig  satellite  ephem- 
erides,  clock  drifts,  electronic  delays,  etc.  An  upload  station  located  in  CONUS  will  transmit 
the  necessary  system  data  via  a secure  link  to  the  satellites. 

3.  User  System  Segment 

The  user  equipment  will  in  general  consist  of  a receiver,  antenna,  data  processor,  and 
control  and  display  unit.  Some  user  systems  will  have  the  capability  of  being  integrated 
with  auxiliary  sensors  such  as  inertial  and  air  data  systems.  The  receiver  will  process  the 
signals  from  four  suitably  chosen  satellites  and  will  measure  four  independent  pseudo-ranges 
and  pseudo-range  rates.  The  processor  will  then  convert  these  eight  independent  measure- 
ments into  three-dimensio  lal  position  and  velocity  of  the  user,  and  phase  and  frequency 
corrections  for  the  user’s  clock.  The  process  of  solving  for  position  would  be  earned  out  in 
an  earth  centered  coordinate  frame,  which  would  then  be  converted  for  display  to  either 
geographic  coordinates  (Lat.,  Long.),  UTM  grid  coordinates,  or  any  other  grid  convenient 
for  the  user..  The  user  equipment  will  also  have  the  capability  of  accepting  waypoint  or 
destination  coordinates  in  the  geographic  or  UTM  grids  and  providing  the  user  with  range, 
bearing,  and  cross  track  error  to  any  of  these  points. 

C.  GPS  DEVELOPMENT  PROGRAM 

1.  Overview 

The  development  plan  for  NAVSTAR  GPS  has  three  distinct  phases  as  indicated  in 
Figure  A-2.  The  decision  at  DSARC  1 was  to  proceed  with  Phase  I,  which  concentrates  on 
validation  of  system  design  concepts,  DT&E  of  user  equipments,  and  limited  operational 
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Recent  GPS  program  information  indicates  a range  of  9 to  1'  satellites 
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demonstrations  (see  Chapter  III  of  this  report).  A six  satellite  constellation  will  be  available 
late  in  1977  which  will  provide  about  a 2-hour  window  every  day  for  conducting  tests 
(see  Chapter  IV  of  this  report)  or  demonstrations  over  CONUS  and  adjacent  Pacific  and 
Atlantic  ocean  areas.  Follow-on  efforts  in  Phase  II,  System  Validation,  are  scheduled  to 
complete  the  IOT&E  of  user  equipment  and  lead  to  an  early  two-dimensional  Limited 
Operational  Capability  (LOC)  in  1981.  The  early  LOC  would  be  provided  by  three 
uniformly  spaced  satellites  in  each  of  three  orbits.1  In  order  to  continue  providing  high 
accuracy  and  three-dimensional  capability  (as  in  the  Phase  I program)  for  testing  or  range 
instrumentation,  the  satellite  constellation  for  LOC  will  have  to  be  augmented  by  at  least 
three  satellites  for  a total  of  twelve  satellites  in  orbit.  Finally  Phase  III,  Full  Operational 
Capability  (FOC),  is  currently  scheduled  to  provide  the  full  (24  satellite)  capability  in  1984, 
proceed  with  major  production  of  user  equipment,  and  verify  the  operational  effectiveness 
of  the  system. 


a.  User  Equipment  Development 

Phase  I will  start  the  first  of  three  design-build-test  cycles  to  develop  user  equipment 
configurations  and  to  establish  firmer  estimates  of  user  equipment  life  cycle  costs.  During 
:his  phase  a number  of  developmental  models  of  user  equipment  will  be  designed,  fabri- 
cated, and  tested.  Each  of  these  models  is  being  designed  to  simulate  a restricted  set  of 
functional  requirements  so  that  in  total  a large  variety  of  user  applications  will  be  satisfied. 
Table  A-l  lists  the  potential  equipment  classes  for  a large  spectrum  of  applications  and 
indicates  the  driving  functional  requirements  for  each  class  of  equipment.  Final  selection  of 
user  equipment  classes  will  depend  on  the  results  of  development  model  tests,  and  further 
review  and  inputs  from  the  user  commands  on  operational  needs.  It  is  intended  that  the 
user  equipment  classes  will  incorporate  a high  degree  of  subassembly  commonality  in  order 
to  minimize  equipment  life  cycle  costs. 

Final  determination  of  user  equipment  classes  will  be  accomplished  during  Phase  II,  as 
well  as  initial  production  of  the  low  cost  Class  C set.  Production  procurement  of  all  other 
user  system  classes  will  be  accomplished  during  Phase  HI. 

The  design  goals  for  the  major  NAVSTAR  GPS  user  equipment  characteristics  are 
shown  for  each  of  the  three  program  phases  in  Tables  A-2  to  A-4.  This  information  was 
prepared  by  the  NAVSTAR  JPO  and  only  slightly  modified  for  this  report.  The  data  in 
Table  A-2  for  Phase  I are  based,  in  the  main,  on  present  equipment  specifications.  The 
design  goals  shown  in  Tables  A-3  and  A-4  are  speculative  at  this  time  and  represent  normal 
developmental  improvements  in  the  first  generation  sets  as  well  as  potential  improvements 
due  to  new  technology. 


1.  Recent  GPS  program  information  indicates  a range  of  9 to  1 1 satellites  for  the  LCC  phase. 
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Table  A-l.  Development  Plan  for  NA  VSTAR  User  Equipment 


Equipment 

Class 


Applications 

Driving  Functional  Requirements 

i !igh  Performance  Aircraft 

High  Accuracy* 

High  Dynamics  of  User 
High  Immunity  to  Jamming 

High  Performance  Aircraft 

High  Accuracy* 

High  Dynamics  of  User 
Medium  Immunity  to  Jamming 

Mission  Support  Vehicles 
(Air,  Land,  and  Sea) 

Medium  Accuracyt 
Medium  Dynamics  of  User 
Low  Cost 

Land  and  Sea  Vehicles 

High  Accuracy* 

Low  Dynamics  of  User  ’ 

High  Immunity  to  Jamming 

Manpack 

High  Accuracy* 

Low  Dynamics  of  User 
High  Immunity  to  Jamming 
Low  Weight  and  Power 

Submarines 

High  Accuracy* 

Low  Dynamics  of  User 
Fast  Acquisition 

Missiles 

High  Accuracy* 

High  Dynamics  of  User 
High  Immunity  to  Jamming 

Civil  Ships,  Boats,  and 
General  Aviation 

Medium  Accuracy  Consistent 
With  Very  Low  Cost 

Better  than  10  m tor  dll  axes. 

tAccuracy  (in  the  range  of  15-150  m!  will  be  traded  for  cost. 

tThis  application,  though  not  funded  by  DoD,  is  being  actively  pursued  by  user  equipment 
manufacturers. 
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Table  A-3.  Design  Goals  for  NA  VSTAR  User  Equipment  ( Phase  ID 
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MODEL  FOR  DETERMINATION  OF  COST  AVOIDANCE 


The  cost  avoidance  values  shown  in  Chapter  II  are  determined  by  a formal  model 
programmed  for  EDP.  This  appendix  describes  the  broad  outlines  of  the  model. 

The  model  calculates  procurement  and  maintenance  costs  of  positioning  and  naviga- 
tion equipment  by  individual  AN  number  and  for  selected  groups  of  AN  numbers  (current 
and  future,  including  the  GPS  system).  Costs  are  determined  in  a three-step  process.  The 
first  step  calculates  total  required  inventories  for  each  individual  AN  number  across  all 
prime  mission  equipment  (PME)  specified  by  a force  structure.  The  second  estimates 
procurement  and  maintenance  costs  associated  with  the  required  inventories.  The  third 
aggregates  the  estimated  costs  or  forms  totals  for  equipment  with  related  characteristics, 
mission,  etc.  (e.g.,  TACAN,  enroute  radio  reference)  according  to  predetermined 
specifications. 

A.  DETERMINATION  OF  REQUIRED  INVENTORIES 

Two  basic  inputs  are  employed  in  determining  inventory  requirements.  The  first  is  a 
time  phased  (15  year)  force  structure  by  PME.  (In  Chapter  II  the  force  structure  PME 
consisted  of  all  aircraft  in  Army,  Navy,  and  Air  Force  inventories,  by  model  and  series,  and 
Naval  ships,  by  class.)  The  second  input  consists  of  time  phased  suites  (AN  numbers  and 
associated  quantities  per  unit  of  PME)  of  navigation  equipments  foi  each  PME  identified  in 
the  force  structure. 

For  each  PME,  total  installed  inventory  requirements  are  determined  for  each  AN 
number  contained  in  its  suite  for  each  year  (the  product  of  the  quantity  of  that  PME  in  the 
force  structure  and  the  quantity  of  the  AN  number  in  the  suite).  For  each  AN  number  and 
for  each  year,  inventories  are  summed  across  all  PME  to  yield  a schedule  of  aggregate 
installed  inventory  requirements.  Yearly  requirements  for  spares  are  then  determined  accord- 
ing to  a multiplitive  spares  factor  associated  with  the  AN  number.  The  yearly  totals  of 
installed  and  spare  equipment  comprise  the  schedule  of  total  required  inventory.  Thus,  the 
installed  inventory  requirement  for  a single  AN  number  generated  by  one  PME  in  a single 
year  is 


Pij»P  ’ QiJ.k 
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where 


P = the  number  of  units  of  the  PME  (e.g.,  the  number  of  aircraft  of  a given 
model/series)  contained  in  the  force  structure 

Q = the  quantity  of  the  AN  number  (generally  one)  contained  in  the  suite  of  the 
PME 

i = value  of  the  index  identifying  an  AN  number 
j = value  of  the  index  identifying  a year 
k = value  of  the  index  identifying  a PME. 

The  total  requirement  for  installed  inventory  is 


hi  - t (\j,k ' Qy.k) 


where 

1 = the  total  installed  inventory  requirement  across  all  PME 
P and  Q are  defined  as  above 
and  the  tclal  inventory  requirement  is 

^ij  ~ 0'sj)  Ojj) 

where 

R = the  total  inventory  requirement 
s = spares  percentage  associated  with  the  AN  number 
I is  defined  as  above. 

B.  ESTIMATION  OF  PROCUREMENT  AND  MAINTENANCE  COSTS 


Fxcept  for  non-recurring  costs  associated  with  development  and  production  start-up, 
estimated  costs  are  concerned  only  with  procurement  of  new  equipment1  and  maintenance 
of  presently  installed  equipments.  Maintenance  costs  are  estimated  for  each  AN  number 
based  on  a maintenance  rate  for  that  equipment  stated  as  a percentage  of  average  or  final 
procurement  cost.  The  percentage  rate  is  applied  to  the  average  value  of  installed  inventory 
for  each  year,  i.e., 


My  = mj 


v.  • + V-  ■ , 
vbJ  U-l 


, and 


1.  New  equipment  is  defined  to  include  both  new  production  of  current  AN  number  equipment  and  production  of  new 
models  of  electronic  equipment.  Equipments  arc  procured  for  a number  of  purposes,  including  outfitting  of  row  PME, 
replacement  of  existing  installed  equipment,  and  retrofit  of  existing  PME  with  new  types  of  equipment. 
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where 

M = annual  maintenance  cost  associated  with  the  AN  number 

V = value  (or  historical  procurement  cost)  of  the  installed  inventory  of  the  AN 
number 

m = percentage  maintenance  rate  associated  with  the  AN  number 

C = average  or  current  unit  procurement  cost  of  the  AN  number 

P and  Q are  the  same  as  defined  above. 

As  the  force  structure  and  suite  compositions  of  PME  vary  from  year  to  year,  so  will 
the  level  of  total  required  inventories  of  different  AN  numbers.  For  any  one  the  quantities 
of  equipment  that  must  be  newly  procured  in  any  year  depends  upon  three  values:  the 
installed  inventory  squired  in  that  year,  the  change  in  installed  inventory  required  over  the 
prior  year,  and  the  pattern  of  all  past  years’  requirements  and  procurements. 

Two  sources  of  potential  requirements  for  new  procurement  are  treated  by  the 
model.  The  first,  and  most  obvious,  arises  from  changes  in  the  level  of  installed  inventory 
requirements  from  one  year  to  the  next.  This  requirement  is  either  positive  or  negative  as 
inventory  requirements  increase  or  decrease  (thereby  freeing  existing  equipment).  The 
second  source  is  always  positive  and  arises  fiom  wear-out  or  unintentional  loss  of  equip- 
ments (accidents,  cannibalization,  etc.)  requiring  replacement.  Equipment  losses,  or  replace- 
ments, for  each  year  are  estimated  as  a percentage  of  the  average  installed  inventory  of  that 
year, 


where 


F = inventory  losses  or  replacements 
fj  = inventory  loss  rate  associated  with  an  AN  number 
I is  defined  as  above. 

The  sum  effect  of  these,  denoted  as  net  requirements,  is  expressed  as  follows 


Nij  Rij  Rij-1 


+ F: 


ij 


where 


N = net  requirement  for  an  AN  number 
R and  F are  defined  as  above. 
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Two  potential  sources  are  available  for  satisfying  the  net  requirement.  The  obvious, 
procurement  of  equipment,  is  treated  as  a secondary  source.  The  primary  source  springs 
from  recognition  by  the  model  that  electronic  equipment  can  be  transferred  between  PME 
and  across  time.  That  is,  should  net  requirements  in  any  year  (Njj)  be  negative,  surplus  or 
excess  equipments  result  that  can  be  stored  to  offset  positive  net  requirements  of  a future 
period.  The  size  of  the  available  surplus  at  the  end  of  any  year  is  the  net  result  of  the 
pattern  of  prior  years’  inventory  requirements  and  procurements.  New  equipments  are 
procured  only  after  the  surplus  of  the  prior  year  is  exhausted.  Thus 

ifNjj  > ^kj-i  l^en  Ey  = and 

= NiJ  “ Eij-1  ; 


ifNij  < Eij-1  thenEij  = Eij-1  " Nij  >and 


where 


Aij  = 0 


E = available  surplus  of  an  AN  number 
A = quantity  to  be  procured 
N is  defined  as  above, 


and 


BiJ  Cij  ‘ Aij 


where 


B = cost  associated  with  the  quantity  to  be  procured 
C and  A are  defined  as  above. 


L AGGREGATION  OF  ESTIMATED  COSTS  AND  QUANTITIES 

The  final  processing  step  of  the  model  requires  little  explanation.  Once  individual 
equipment  totals  have  been  determined  ( 1 5-year)  schedules  of  quantities  and  costs)  they  can 
be  aggregated  in  any  combination(s)  specified. 
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Appendix  C 

DESIGN  AND  COST  DETAIL  OF  THE  CURRENT  AND 
ADVANCE  TECHNOLOGY  USER  EQUIPMENTS 


The  purpose  of  this  appendix  is  to  provide  backup  detail  for  the  comparisons  of 
current  and  advanced  technology  user  equipment  presented  in  Section  E of  Chapter  II.  The 
design  concept  formulated  by  Magnavox  was  defined  by  subsystem  and  the  electronic 
(signal  and  data  processing)  subsystems  further  defined  in  terms  of  function  performed. 
Each  function  was  then  analyzed  to  obtain  quantities  of  micro-circuit  elements,  of  different 
types,  it  would  contain.  Quantity  requirements,  by  type,  were  aggregated  across  all  func- 
tions to  develop  the  total  quantities,  by  type  of  user  equipment,  shown  in  Table  14  of 
Chapter  II.  Cost  estimating  parameters  were  then  developed  for  each  type  of  micro-circuit 
and  non-electronic  subsystem  as  shown  in  Table  15  of  Chapter  II.  Section  1,  below, 
describes  the  compositions  of  the  user  equipment.  Section  2,  below,  explains  the  derivations 
of  the  cost  parameter  values. 

A.  COMPOSITION  OF  EQUIPMENT 

Figure  C-l  illustrates  the  block  diagram  of  the  near  technology  design.  Table  C-l 
describes  the  composition  of  each  of  the  major  functions  of  the  receiver.  Identification  of 
types  and  quantities  of  circuit  elements  follows  the  Magnavox  manpack  concept. 

Figure  C-2  illustrates  the  block  diagram  of  the  advanced  technology  design  assumed 
and  the  description  of  each  major  function  is  given  in  Table  C-2.  The  difference  between 
the  near  and  advanced  systems  results  from  maximum  use  of  digital  LSI,  employment  of 
strip-line  linear  micro-circuits,  and  for  L-band  processing  minimization  of  discrete  compo- 
nents. With  the  projections  of  the  growth  in  LSI  densities  and  capabilities  it  will  be  possible 
to  convert  to  digital  processing  at  frequencies  up  to  200  mega-hertz.  (Conversion  frequen- 
cies are  limited  to  a few  mega-hertz  with  currently  available  devices.)  As  a result  the  linear 
signal  processing  may  be  limited  to  L-band  and  first  I.F..  frequencies  and  to  the  higher 
frequency  ranges  of  the  synthesizer  and  calibrate  generator.  Given  the  anticipated  low  cost 
of  LSI  chips  it  could  be  efficient  to  convert  the  reference  oscillator  signal  to  digital  before 
processing  by  the  synthesizer  and  to  convert  back  to  analog  above  the  mega-hertz 
constraint. 
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Figure  C-l.  Block  Diagram  of  Near  Future  Technology  Receiver 


Table  C-l . Composition  of  Current  Technology  Receiver 
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Linear 

Linear 

Digital 

Linear 

Linear/Digital 

Digital 

Linear/Digital 

Digital 

Linear 

Linear 

Digital 
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RF  Amplifier 
1st  IF  Amplifier 

IF  Switch  - Switch 
- Decoder 

Carrier  Channel 

Code  Channel 

"C/A"  and  "P"  Channel 
Coders  and  Slew 
A/D  Converter  and 
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Binary  Circuits 
Synthesizer 

Code  Generator/BIT 

Data  Processor 
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F/gwre  C-2.  5/ocit  Diagram  of  Advanced  Technology  Receiver 
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B.  DERIVATION  OF  ESTIMATING  PARAMETERS 

Due  to  the  nature  of  available  date,  costs  of  different  types  of  components  were 
estimated  in  several  ways.  This  section  lists  the  cost  assumptions  employed  and  discusses  the 
manner  they  were  derived  Where  possible  data  sources  are  described  or  cited.  Table  1 5 of 
Chapter  II  summarized  the  parameters  used  to  estimate  nominal  costs  of  user  equipment  for 
each  receiver  technology.  (In  all  cases  the  parameter  values  are  assumed  to  apply  at  quantity 
1000.) 

All  parameters  are  based  on  large  volume,  large  lot  production.  Except  for  the 
commerical  pocket  calculator  and  electronic  watch  markets  experience  with  micro-circuit 
production  has  been  predominantly  with  small  quantities  and  in  relatively  small  lot  sizes. 
This  has  three  implications  for  interpretation  of  available  data  and  formulation  of  the 
estimating  parameters.  First,  a considerable  portion  of  the  average  cost  of  current  micro- 
circuits  for  military  and  scientific  uses  is  composed  of  non-recurring  costs  for  initial  design 
and  tooling  and  batch  setup  costs  (for  both  processing  and  screening).  Available  cost  data 
reflect  this  non-recurring  cost  component,  with  no  backup  data  to  allow  its  separation. 
Second,  the  impact  of  the  typically  small  lot  buys  by  the  military  can  be  argued  as  a major 
factor  in  the  relatively  high  cost  increment  associated  with  military  screening.  With  large 
buys  one  can  expect  the  use  of  automated  screening  and  an  attendant  reduction  in  costs. 
The  values  derived  assume  a minim’’  n incremen*  for  this  screening  on  the  basis  of  the  large 
lot  and  volume  assumption.  Thiru,  efficient  production  methods  vary  with  lot  sizes  and 
volume.  Capital  expenditures  (non-recurring  costs)  can  be,  and  will  be,  traded  for  smaller 
recurring  production  costs  for  larger  planned  production  runs  in  such  way  as  to  minimize 
total  cost.  As  a result  the  estimates  shown  in  Tabic  15  of  Chapter  II  dose  to  the  high  end 
of  information  obtained  on  non-recurring  costs  and  close  to  the  low  end  for  recurring  costs. 

Cost/quantity  relationships  in  electronic  production  do  not  appear  to  be  well  under- 
stood, verified,  or  accepted  (as  in  industries  where  complex  assembly  dominates  production 
costs,  like  airframe).  Of  the  several  dimensions  of  the  cost/quantity  phenomenon  those 
concerned  with  1./  size  and  cumulative  production  (learning)  have  received  the  greatest 
attention  and,  on  logical  grounds,  should  have  impacts  large  enough  to  be  significant  under 
volume  production  conditions.  Unfortunately  there  are  no  data  available  today  to  verify  the 
impact  of  either  or  to  permit  their  separation.  For  the  various  elements  of  the  user 
equipment  ra.  j of  cost  decrease  with  rising  cumulative  produefion  (learning)  have  been 
assumed  in  proportion  to  subjective  judgments  of  the  amount  of  assembly  laoor  they  entail. 

The  remainder  of  this  sec ‘ion  discusses  the  derivation  of  the  individual  param- 
eter -'alues. 

1 . LSI-  Digital  and  linear  Monolithic 

Costs  of  current  generation  chips  (primarily  MOS  technology)  v'ere  developed  after 
conversations  with  a number  of  representatives  of  both  manufacturing  and  using  companies 
and  laboratory  personnel.  Four  parameters  have  been  estimated;'  the  recurring  and  non- 
recurring costs  of  both  near-future  and  advanced  technology  devices. 
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a.  Non-Recurring  Costs 

The  near  future  parameter  is  based  on  current  MOS  devices.  Estimates  ranging  from 
$50,000  to  $150,000  were  obtained  with  manufacturers  generally  quoting  in  the  lower 
range  (between  $50,000  and  $100,000)  and  user  industries  talking  in  terms  of  over 
$100,000  with  statements  similar  to,  “they  quote  50  or  75  thousand  until  you  get  down  to 
specifics  and  then  it  goes  up.”  No  doubt  there  is  a wide  range  of  chip  complexities 
other  considerations  that  impact  on  non-recurring  cost  and  the  range  of  actual  cost  may 
wider  than  these  limits.  There  was  no  way  to  judge  the  relative  complexity  or  other  relevant 
considerations  for  devices  suitable  for  the  GPS  system  and  the  higher  level  of  $150,000  has 
been  assumed  as  the  nominal  value. 

When  one  moves  into  the  area  of  high  density  advanced  devices  there  appears  to  be  a 
general  agreement  that  non-recurring  cost  will  increase  in  direct  proportion  to  the  increase 
in  density.  Thus  for  a density  of  200,000  components  (such  as  is  advertised  to  be  available 
within  a few  years)  non-recurring  costs  could  be  expected  to  rise  an  order  of  magnitude 
over  the  “typical”  20.000  component  MOS  device.  Given  the  increased  complexity  of 
circuitry  thr  can  be  designed  and  the  tighter  manufacturing  tolerances  required  the  order 
of  magnitude  increase  appears  reasonable. 


b.  Recurring  Costs 
Observed  differences  in  market 
prices  of  presently  marketed  MOS  chips 
exceed  ten  tunes  without  obvious  reasons. 
Manufacturers’  price  lists  are  available,  but 
such  catalogue  prices  contain  unknown 
amounts  of  non-recurring  costs  and  may 
reflect  widely  different  and  unknown 
competitive  market  conditions.  In  the 
absence  of  further  information  the  nom- 
inal recurring  chip  cost  was  derived  as 
shown  in  Table  C-3.  A representative 
range  of  an  uncut  50-chip  wafer  is  $3.00 
to  $5.00,  and  assuming  the  yield  rate  of 
military  screened  chips  is  close  to  Vi  per- 


Table  C-3.  Derivation  of 
LSI  Device  Recurring  Cost 
(dollars-  1975) 


Material  and  Initial  Processing  Cost 
of  a Wafer  Containing  50  Chips 

Cost  per  Chip  From  Uncut  Wafer 

5.00 

0.1 

For  Yield  Rates  of 

2% 

1/2% 

Material  cost  of  a "good”  chip 

5 

20 

Doubi?  cost  for  commercial  screening 

10 

40 

Double  cost  again  for  military  screening 

20 

80 

cent,  the  range  of  final  costs  narrows  to  between  $50  and  $80.  This  is  in  rough  agreement 
with  the  assertion  that  “between  99  percent  and  99.86  percent  of  final  cost  is  represented 
by  reject  and  screening  costs”-implying  a range  of  $10  tc  $71.  While  the  assumed 
increment  for  military  screening  (two  times)  is  smaller  than  current  industry  experience,  it 
appears  reasonable  with  the  assumption  of  high  volume  and  automated  screening.  A nominal 
cost  of  $60  per  chip  has  been  assumed. 

Turning  consideration  toward  high  density  chips  of  the  future  there  is  no  reason  to 
assume  material  and  initial  processing  costs  to  differ  from  MOS  technology.  Due  to  the 
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increased  number  of  components  per  chip  one  could  expect  both  higher  reject  rates  and 
screening  costs.  However,  one  can  also  anticipate  technological  advances  in  manufacturing 
and  screening  machinery  and  processes  that  will  serve  as  partial  offset. 

Figure  C-3  shows  the  same  density /cost  projections  as  Figure  4 of  Chapter  II. 
Decreases  in  cost  per  component  have  accompanied  both  increasing  densities  and  the 
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Figure  C-3.  Estimates  Density  and  Cost  per  Component  as  Functions  of  Time  for  LSI  Devices 
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passage  of  time,  and  it  has  been  assumed  that  density  is  dominant  in  predicting  cost  to 
permit  projections  of  cost  based  on  density  without  reference  to  a time  frame.  The  author 
presented  no  rationale  for  the  decreasing  slope  of  the  cost-trend  line.  A continuation  of  the 
linear  trend  is  also  shown  here,  and  the  two  are  assumed  to  bracket  the  range  of  recurring 
costs  of  future  devices.  The  mid-point  of  this  range  implies  a recurring  cost  of  $100  for  a 
density  of  200,000  components,  and  this  value  has  been  adopted  for  estimating  user 
equipment  costs. 

2.  Other  linear  Micro-Circuits  (Thin  Film,  Hybrids,  etc.) 

Information  on  linear  circuits  was  obtained  from  only  one  manufacturer  and  one 
using  company.  As  a result  the  data  are  sketchy  yet  show  inconsistencies  similar  to  those 
obtained  for  LSI  chips.  The  user  company  data  consisted  of  costs  on  one  contract  for  a 
custom  thick  film  device  containing  10  to  12  ICs  and  are  summarized  below. 

Non-recurring  cost  $4,000 

Recurring  cost  (lots  of  25)  $ 150 

Part  of  the  information  obtained 
from  the  manufacturer  is  summarized  in 
Table  C-4.  Over  the  range  of  quantities 
shown  the  rate  of  cost  reduction  is  roughly  85 
percent  for  the  complete  package  and  82 
percent  for  the  labor  component.  The  source 
of  these  figures  ventured  the  opinion  that  one 
might  expect  a continual  90  percent  rate  of 
progress  over  a large  production  run.  Non- 
recurring costs  were  estimated  to  range 
between  $2,000  and  $10,000  with  an  average 
of  $4,000. 

A somewhat  different  estimate  was 
given  by  another  person  from  the  same 
organization.  In  this  case  a recurring  cost  of 
$500  was  estimated  for  a design  of  a dual 
channel  L-band  amplifier  and  mixer  suitable 
for  use  in  the  GPS  front  end.  The  package  consisted  of  six  or  seven  brass  cans  of  strip-line 
circuitry  mounted  on  a mother  board  with  all  required  external  connections.  This  estimate 
was  not  related  to  any  lot  size  and  did  not  include  military  screening.  The  cost  increment 
for  military  qualification  was  estimated  at  three  to  four  times  that  of  the  unqualified  cost. 

In  formulating  the  nominal  estimating  parameters  (non-recurring  of  $10,000,  recurring 
of  $200,  and  90  percent  rate  of  cost  reduction)  no  distinctions  have  been  made  between 
the  various  types  of  circuits  (thin  film,  strip-line,  etc.),  and  with  one  exception  these  values 
were  applied  to  all  linear  circuitry.  The  one  exception  involves  hybrids  containing  large  scale 


Table  C-4.  Recurring  Cost  of 
Linear  Micro-Circuits 
(dollars  -1975) 


Recurring  Cost 

Including 

Material 

Excluding 
Materia 1 

Lots  of  1 0 

Simple  Device 

300 

200 

Complex  Device 

800 

500 

Lots  of  1 ,000 

Simple  Device 

100 

50 

Complex  Device 

300 

150 
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linear  monolithics.  Here  costs  were  considered  not  to  include  cliip  costs  which  were 
estimated  as  a separate  LSI  component. 

Linear  micro-circuits  are  frequently  designed  for  packaging  in  cast  metal  containers 
called  “MIC”  boxes.  A principal  advantage  is  providing  a rigid  support  for  the  circuit 
substrates.  A typical  MIC  box  is  nearly  1 inch  thick,  contains  several  substrates,  and 
performs  roughly  three  times  the  number  of  electronic  functions  as  a substrate  mounted  in 
a conventional  brass  can.  MIC  packaging  does  not  appear  to  contribute  to  recurring  costs  on 
a per  function  performed  basis.  Non-recurring  costs  were  estimated  to  range  between 
$10,000  and  $35,000,  with  an  average  of  $15,000-roughly  three  times  that  of  conven- 
tionally packaged  circuits.  The  nominal  estimating  parameters  reflect  these  equivalences 
between  MIC  and  brass  can  circuits-recurring  of  $700  including  a $100  increment  for  MIC 
packaging  and  non-recurring  of  $40,000  including  an  increment  of  $10,000  for  packaging. 

No  anticipations  of  significant  technological  advances  in  linear  micro-circuits  were 
expressed  by  anyone  contacted.  As  a result  the  same  costs  and  capabilities  were  assumed  for 
both  the  near  and  adduced  technology  concepts. 

3.  Micro-Computer  Costs 

Several  companies  market  complete  micro-computers  for  the  commercial  market,  and 
military  qualified  units  have  also  been  produced.  In  addition  a number  of  companies 
manufacture  LSI  components.  As  a consequence  more  data  are  available  and  recurring  costs 
have  been  estimated  in  a slightly  different  fashion. 

Initial  estimates,  based  on  the  parameters  adopted  for  MOS  Chios,  produced  a 
seemingly  low  estimate  of  $1,200,  and  a more  conservative  approach  yielded  the  estimates 
shown  in  Table  C-5.  This,  estimate  is  approximately  double  the  price  of  three  recently 
introduced  MOS  technology  commerical  micro-computers.  More  exact  comparisons  between 


Table  C-5.  Estimated  Recurring  Cost  of  Representative 
Current  Generation  Micro-Computer 


Element 

Quantity 

Unit 

Unit  Cost, 
Commercial 
(dollars  ■ 1975) 

Military 

Screening 

Multiple 

Unit  Cost, 
Military 
(dollars  -■  1975) 

Micro- Processor 

1 

each 

250 

4 

1,000 

Input/Output  Control 

2 

each 

50 

4 

400 

Memory* 

65,000 

bits 

.001 

4 

260 

Case,  Assembly,  etc.,  at  25  percent  of  chip  costs 
Total 

•21 3 words  at  8 bits  per  word. 
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the  commercial  computers  and  one  suitable  for  GPS  are  not  possible  since  insufficient  data 
are  available  on  the  commercial  systems  and  detail  specifications  for  the  GPS  system  have 
not  been  formulated.  What  is  known  of  the  commercial  systems  is  listed  below. 

(1)  Digital  Equipment  Corp.,  PDP-8A  KIT  consisting  of  a main  frame  and  4,000 
words  of  storage-S  1,1 95. 

(2)  Digital  Equipment  Corp.,  LSI  1 1 (newer  than  the  PDP-8A  KIT)  contains 
110,000  transistors-less  than  SI, 000. 

(3)  Motorola  product  (model  number  not  known)  contains  60,000  transistors  (in  a 
micro-processor,  2 input/output  control  units,  and  7 memory  packages)  with  a 
10  microsecond  add  time-$975. 

For  the  advanced  technology  system  the  linear  extiapolation  of  the  cost  trend  in 
Figure  C-3  would  estimate  the  1980  cost  of  comparable  equipment  at  20  percent  or  $415. 
"his  apparently  low  figure  was  arbitrarily  increased  by  50  percent. 

Nominal  non-recurring  cost  values  are  based  on  the  estimate  of  development  cost  of 
custom  MOS  chips-S  150,000.  In  the  neu,  technology  case  four  different  chips  were 
assumed  (micro-processor,  input/output  control,  random  access  memory,  and  read  only 
memory).  In  the  advanced  technology  case  three  chip  developments  were  assumed  at  $1.5 
million  each.  The  assumption  of  development  of  custom  chips  for  the  GP*'  system  is  open 
to  question  since  a ready  availability  of  suitable  chips  can  probably  be  assumed.  However, 
the  impact  on  average  user  equipment  cost  is  negligible.  Should  the  total  procurement 
quantity  be  as  low  as  25,000  the  impact  is  less  than  $200  for  the  advanced  system.. 

4.  Other  User  Equipment  Components 

a.  Reference  Oscillator 

Estimates  of  single  and  dual  quartz  crystal  assemblies  (with  heaters)  range  generally 
between  $1,000  and  $3,000.  In  the  absence  of  a more  definitive  specification  for  the  GPS 
system  an  average  recurring  cost  of  $2,000  was  assumed  with  a 90  percent  cost/quantity 
factor.  It  was  further  assumed  that  the  crystal  assembly  could  be  “off-the-shelf,”  but  a 
nominal  $50,000  non-recurring  cost  has  been  assumed  for  modification  and  integration  into 
the  system.- 

b.  Discrete  Components 

Efforts  to  obtain  specifications  and  reliable  counts  of  discrete  components  contained 
in  the  Magmvox  manpack  design  concept  were  not  successful,  nor  were  efforts  to  obtain 
generalized  cost  estimates  for  classes  of  discrete  components.  The  values  shown  in  Table  15 
of  Chapter  II  are  based  on  a rule-of-thumb  estimate  of  $20  of  purchases  parts  per 
micro-circuit  element.  For  the  near-future  system  an  allowance  is  also  included  to  account 
for  discrete  circuit  RF  amplifiers. 
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\ c.  Assembly,  Test,  and  Rework 

j The  ratio  of  parts  to  labor  for  automated  line  production  of  discrete  component 

cirtuus  has  been  estimated  to  fall  between  2:1  and  3:2.  Considering  the  nature  of  military 
J quality  circuits  it  was  assumed  that  labo-  content  would  be  near  the  high  end  of  this  range 

{ and  a value  of  65  percent  was  assumed 

Unpublished  data  compiled  by  Pye  TMC  Ltd  of  London  indicate  that  the  labor 
content  of  LSI  telephone  switching  circuitry  is  roughly  one-tenth  that  of  discrete  and 
: electromechanical  versions,  and  a rate  of  6.5  percent  was  assumed. 

j . j For  linear  micro-circuits  one  could  expect  the  ratio  of  labor  to  material  to  be  closer 

j to  that  of  LSI  than  discrete  circuits,  and  a value  of  20  percent  was  assumed. 

These  factors  were  applied  to  the  cumulative  average  materials  bill  for  each  type  of 
| circuitry  at  the  thousandth  unit.  Since  it  consists  wholly  of  assembly  labor  a cost/quantity 

factor  of  80  percent  has  been  assumed. 

\ 

d.  Packaging  and  Other 

This  element  includes  the  three  items;  antenna,  cases,  and  display /key board..  In  fact, 
there  are  no  data  on  which  to  base  the  values  and  they  are  given  only  for  completeness. 
The  wide  differential  between  the  two  and  four  channel  missions  arises  from  the  minimal 
requirements  imposed  by  the  manpack  and  land  vehicle  applications  that  constitute  the 
major  share  of  two  channel  uses.  Note  that  these  estimates  include  no  allowances  for 
installation  in  user  vehicles. 
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ACLS 

All-weather  carrier  landing  system 

ADF 

Automatic  direction  Finding 

AFTEC 

Air  Force  Test  and  Evaluation  Center 

AHARS 

Airborne  heading  and  attitude  reference  system 

ALCM 

Air-launched  cruise  missile 

ASW 

Antisubmarine  warfare 

ATC 

Air  traffic  control 

BOI 

Basis  of  issue 

bomb/nav 

Bombing/navigation 

C/A 

Clear/acquisition 

CAEL 

Consolidated  ccrospace  equipment  list 

CAS 

Close  air  support 

CONUS 

Continental  United  States 

DF 

Direction  finding 

DSARC 

Defense  Systems  Acquisition  Review  Council 

EAR 

Electronically  agile  radar 

ECAC 

Electromagnetic  Compatibility  Analysis  Center 

EDP 

Electronic  data  processing 

FAA 

Federal  Aviation  Agen. . 

FAC 

Forward  air  controller 

FARRP 

Forward  area  rearm/refuel  point 

FLAMR 

Forward  looking  advanced  multi-mode  radar 

FO 

Forward  observer 

FOC 

Full  operational  capability 

FSN 

Federal  stock  number 

FYDP 

Five-Year  Defense  Plan 

GCA 

Ground-controlled  approach 

GDB/RBS 

Ground-directed  bombing/radar  bomb  scoring 

GPS 

Global  positioning  system 

HSI 

Horizontal  situation  indicator 

HUD 

Heads-up  display 

ICAO 

International  Civil  Aviation  Organization 

i2l 

Integrated  injection  logic 

IF 

Intermediate  frequency 

IFF 

Identification,  friend  or  foe 

IFR 

Instrument  flight  rules 
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ILS 

Instrument  landing  system 

IMC 

Instrument  meteorological  conditions 

IMU 

Inertial  measurement  unit 

INS 

Inertial  navigation  system 

IOC 

Initial  operational  capability 

IR 

Infrared 

ITNS 

Integrated  tactical  navigation  system 

JPO 

Joint  Program  Office 

JTIDS 

Joint  Tactical  Information  Distribution  System 

LATAR 

Laser  tracking  and  ranging 

LCCM 

Life  cycle  cost  model 

LDNS 

Lightweight  Doppler  navigation  system 

LOC 

Limited  operational  capability 

LORAN 

Long-range  aid  to  navigation 

LSI 

Large  scale  integration 

LZ 

Loading  zone 

MCDEC 

Marine  Corps  Development  and  Education  Center 

MEMI 

Master  equipment  management  index 

MIC 

Microwave  integrated  circuitry 

ML 

Management  list 

MLS 

Microwave  landing  system 

MOS 

Metal-oxide  semiconductor 

MTBF 

Mean  time  between  failure 

MX 

MTNUTEMAN  X 

NDB 

Nondirectional  beacon 

NMDL 

Navy  management  data  listing 

O&M 

Operation  and  maintenance 

OMEGA 

Global  VLF  navigation  system 

OTEA 

Operational  Test  and  Evaluation  Agency 

OPTEVFOR 

Operational  Test  and  Evaluation  Force 

P 

Protected  (signal) 

PAR 

Precision  approach  radar 

PAVE  SPIKE 

Laser  pod  with  low  light  level  TV 

PAVE  TACK 

Laser  pod  with  FLIR  (forward  looking  infrared) 

PELSS 

Precision  emitter  location  and  strike  system 

PLRS 

Position  location  and  reporting  system 

PME 

Prime  mission  equipment 

PN/BPSK 

Pseudo  noise/biphase  shift  keying 

P-VOR 

Precision  VOR 

PZ 

Pickup  zone 

RDT&E 

Research,  development,  test  and  evaluation 

R-NAV 

Area  navigation 

SAMSO 

USAF  Space  and  Missile  Systems  Organization 

SLCM 

Sea-launched  cruise  missile 
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TACAN 

TERCOM 

TISEO 

TRANSEC 

UTM 

VLF 

VOR/DME 

VOR1AC 


Tactical  air  navigation 
Terrain  contour  matching 
T .rget  identification  system,  electro-optical 
Transmission  security 

Universal  Transverse  Mercator 
Very  low  frequency 

Visual  omni-range/distance  measuring  equipment 
Collocated  VOR  and  TACAN  systems 
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